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FOREWORD 


This Bureau of Radiological Health publication contains. the 
proceedings of a summer school program on the physics of diagnostic 
radiology. The summer’ school was sponsored by the American 
Association of Physicists in Medicine and was held July 12-17, 1971, 
in San Antonio, Texas. The purpose of this training activity was to 
provide information on state-of-the-art development of x-ray equipment 
and methods of evaluating its application and performance for 
diagnostic radiologic procedures. Leading members of the American 
Association of Physicists in Medicine comprised the faculty for this 
program. In addition to class presentations, the faculty served as a 
panel for informal discussion on scientific and professional aspects 
of radiologic physics in medicine. 


These proceedings contain edited transcripts of the presentations 
and discussions as well as a list of participants. It is hoped that 
this publication will be a valuable source of information to profes- 
sional personnel engaged in the medical radiologic physics field and 
to students in radiologic physics training. 


The editor of the proceedings was Dr. John Wright of Temple 
University Hospital. Mr. Richard Van Tuinen was project officer for 
the Bureau of Radiological Health. 


The Bureau conducts a national program to limit man's exposure to 
ionizing and nonionizing radiation. To this end, the Bureau develops 
criteria and recommends standards for safe limits of radiation expo- 
sure, develops methods and techniques for controlling radiation expo- 
sure, plans and conducts research to determine health effects of radi- 
ation exposure, provides technical assistance to agencies responsible 
for radiological health programs, and conducts an electronic product 
radiation control program to protect the public health and safety. 


The Bureau publishes its findings in appropriate scientific jour- 
nals and technical report and note series prepared by Bureau divisions 
and offices. Bureau publications are distributed to State and local 
radiological health personnel, Bureau technical staff, Bureau advisory 
committee members, services, industry, hospitals, laboratories, 
schools, the press, and other concerned § individuals. These 
publications are offered for sale by the Government Printing Office 


and/or the National Technical Information TW 
ohn C. Di 


irector 
Bureau of Radiological Health 
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ABSTRACT 


This Bureau of Radiological Health publication contains the 
proceedings of a summer school program on the physics of 
diagnostic radiology. The summer school was sponsored by 
the American Association of Physicists in Medicine and was 
held July 12-17, 1971, in San Antonio, Texas. The purpose 


of this training activity was to provide information on the 


state-of-the-art development of x-ray equipment and methods 
of evaluating its application and performance for diag- 
nostic radiologic procedures. These proceedings contain 
edited transcripts of the presentations and discussions. 


vil 


INTRODUCTION 


D. John Wright, Ph.D. 
Editor 


When one considers the progress that has been made in radiology 
in the 75 years since Roentgen's initial discovery, the growth of the 
profession of the diagnostic radiologic physicist appears to have 
lagged far behind other more recent branches of radiologic physics. 
At the present time the profession is at an interesting stage of 
development in that the immense strides made by a very small number of 
specialists - physicists, engineers, and radiologists - have provoked 
a greater awareness of the scope and more acceptance of the need for 
diagnostic radiologic physicists. This topic was discussed at the 
summer school and has been included in these proceedings. | 


A summer school has two valuable advantages. Unlike a scientific 
paper given at a meeting or printed in a journal, a summer school 
presentation provides the opportunity for more complete explanation of 
a topic. The evening discussions included in the program provided an 
opportunity for the participants to join with the faculty in an ex- 
change of information on a variety of matters. The disadvantage of a 
summer school is that its advantages are available to relatively few 
people. These proceedings have been edited with an aim to preserve 
the conversational nature, and even though some slight duplication of 
topics may have occurred, an attempt has been made to include all the 
material presented. The discussion sessions have been edited into 
topics (rather than chronologically), and the Editor apologizes for 
any errors of omission or commission. 


While much of the information presented in these proceedings can 
be found in other publications, the mere concentration of these topics 
in one place should make this an extremely useful volume of reference 
for all who are engaged in any of the physical aspects of diagnostic 
radiology. 


HISTORY OF THE DEVELOPMENT OF DIAGNOSTIC X-RAY SYSTEMS 
John P. Kebley 


X-ray Science and Engineering Laboratory 
Oregon State University 
Corvallis, Oregon 


INTRODUCTION 


In this presentation I shall talk about some of the developments 
that have been made in tubes and generators since Roentgen first an- 
‘nounced his discovery of x rays and particularly about the individuals 
responsible for these developments. Then I shall discuss’ the 
electrical factors involved in modern diagnostic systems, particularly 
single-phase full-wave rectified generators and three-phase 6- and 12- 
pulse generators. In conclusion, I shall briefly review some of the 
circuitry involved in modern x-ray systems. 


Dale Trout and I are particularly enthusiastic about using the 
historical approach as a means of presenting information to students. 
We have found that students can become involved with the subject mat- 
ter by developing an interest in the people who were responsible for 
the developments: Hurter and Driffield when we are talking about film 
sensitometry, George Eastman and the work at the research laboratory 
of Kodak, etc., so that the students become personally concerned and, 
we find, learn more. For instance, a student hearing a sonic boom 
thinks of stereoradiography because the boom indicates an aircraft 
travelling faster than Mach 1, and the physicist Mach was the first to 
propose stereoradiography. At Oregon State the undergraduates in our 
x-ray science and engineering course this year come from the _ schools 
of pharmacy, oceanography, forestry, electrical engineering, and 
industrial engineering as well as the premedical and predental 
students. As you can see from the disciplines involved, the teaching 
of a course such as this is very challenging and very interesting. It 
is with this background in mind that I have assembled this material. 


HISTORY OF X-RAY TUBES AND GENERATORS 
X-RAY TUBES 
When a person looks back at the type of equipment that Roentgen 
used at the time of his discovery of x rays, it is sometimes difficult 


to conceive that the equipment was able to produce x rays, let alone 
produce any satisfactory radiographic or fluoroscopic results. It is 


very difficult to imagine a Crookes tube as an x-ray tube; it seems 
more like a crude, preproduction model and probably one that didn't 
work very well. Actually, some of the radiographic work done with 
some of the early tubes was no worse than much of the radiographic 
work that is done today. (See figure 1 of Gregg's paper - Ed.) 


A Crookes tube is a large pear-shaped bowl arrangement which con- 
tains a flat cathode assembly at one end and the accelerating elec- 
trode at the side. Actually, quite a number of tubes of similar manu- 
facture were available at the time, and Roentgen in his announcements 
recognized that tubes other than the particular one he was using would 
work as well in the production of x rays. With all these tubes the x 
rays were produced at the inner surface of the wall, and the residual 
gas pressure was sufficiently high to produce a gaseous discharge when 
energized from a high-voltage source. The positively charged tonized 
particles from this glow discharge were accelerated down to the 
cathode assembly, and the bombardment of these particles on the 
cathode assembly caused the emission of electrons which were 
accelerated and struck the wall of the tube. The x rays that were 
produced were the direct result of this bombardment of the glass, and 
a considerable amount of heat was produced in the glass wall as a 
direct result of this bombardment. 


The radiation intensity from the early tubes used by Roentgen was 
quite low. It has been estimated that his tube was operating at some- 
thing in the neighborhood of 30-50 kV and that the electron beam cur- 
rent was in the microampere range, certainly much less than 1 mA. 
There was no means of focusing the electron beam onto the glass wall 
in these early tubes, and as a result, x rays were produced over a 
very large area of the wall. It was recognized very early in the 
radiographic use of a tube of this type that one of the limitations 
was the large focal spot area and its effect on detail. As a result, 
much of the radiographic work with these original tubes was done with 
a large source-to-recording medium distance. 


The first improvement attempted by other investigators was an ef- 
fort to focus the electron beam down to a relatively small size on the 
glass wall. This was done by making the cathode structure slightly 
concave so that it acted as a focusing cup as well as an electron 
source. This did reduce focal spot size and certainly improved radio- 
graphic detail, but the tubes had a relatively short life because 
overheating of the small area by the electron bombardment resulted in 
very early destruction of the tube. Early in 1896 a tube was made 
with an aluminum anticathode - or anode as we would call it today. 
Although it was possible to obtain much higher radiation intensities 
with this type of tube, the aluminum disc was thin and had little 
mass; hence, it tended to melt rather quickly, so the limitations of 
this type of tube were quite great. 


The next stage in x-ray tube development was to use a target or 
anticathode with a much greater heat storage capacity than the alumi- 
num disc. One of the first materials tried was platinum in 1896. An 
interesting outgrowth of this was the discovery that a much greater 
radiation intensity was obtained from the platinum anode than would be 
expected merely from the increased permissible operating temperature 
of the tube. This led to investigations that showed the efficiency of 
x-ray production increased as the atomic number of the anode material 
increased. Anodes of rare metals, such as platinum, with fairly large 
mass were too expensive, so not many tubes of this type were made. It 
should be realized that materials like tungsten (which is now cheaper) 
were not available at the time. Late in 1896 a tube was produced with 
a copper anode for increased heat storage, but it was not until 1911 
that the first tungsten target was embedded in a block of copper in a 
tube produced by Clyde Snook in Philadelphia. 


Many of these first tubes operated either permanently or semiper- 
manently attached to a pumping system, but as time went on, attempts 
were made to seal off the tubes with the proper residual gas pressure 
inside. The gas pressure was very critical for the best operation and 
was very hard to control. If the vacuum was too good, the tube ceased 
to operate because the positive ion flow either stopped or became very 
erratic. On the other hand, if the vacuum was poor, the glow 
discharge became uncontrollable and was no longer focused on _ the 
cathode. The tube with too high a gas pressure usually broke down as 
a result of overheating of the glass. A tube with too high a vacuum 
was usually described as being too "hard", while one with a very poor 
vacuum was too "soft'’. A major problem in the operation of these 
tubes was the cleanup of gas, hardening the tube. One solution was to 
attach a regulator to the tube to control the operating pressure. 
This regulator consisted of a sidearm filled with a gassy material 
such as asbestos which, when heated by a Bunsen burner, emitted gas. 
Adjusting gas pressure in this way was extremely tricky, and it had to 
be repeated at unpredictable intervals. This led to the development 
by Villard in 1898 of the first osmotic regulator which was a thin- 
walled palladium tube attached to the x-ray tube. The next step in 
the development was an attempt to make the pressure control somewhat 
automatic by allowing part of the discharge to occur in a sidearm 
filled with some gassy material. To handle the soft tube, another 
sidearm filled with phosphorous pentoxide or a similar material was 
added. Charcoal traps were another method used by some experimenters, 
but usually when a tube became too poor, it would be taken out and 
reexhausted, so normally the tubes would only contain devices for 
adding more gas rather than devices for removing it. 


The positive ion bomardment of the cathode surface caused sputter- 
ing, and metal from the cathode was deposited as a film on the bulb of 
the tube. Little was known of the exact nature of the phenomenon at 


the time, but it was found that different degrees of sputtering occur- 
red with different types of cathode material. Aluminum reduced sput- 
tering to a minimum, and most of the tubes at this time had aluminum 
cathode assemblies. Roland, in England in 1896, made another attempt 
to overcome the gas regulation problem and produced a high-vacuum tube 
that was probably one of the first cold-cathode tubes. This tube had 
electrodes 1 mm apart, but this did not prove to be successful as its 
operation was probably even more erratic than the gas tubes. Several 
other different tube configurations were tried between 1902 and 1911, 
when Lillianfeld in Germany produced a tube which in the strictest 
sense was a "hot cathode" tube containing an auxiliary electrode for 
voltage control of the tube current. The design was quite complicated 
and never really justified even though it was popular in Germany for a 
few years. 


In 1912 Coolidge made his first hot-cathode tube in which the 
electron source was a heated filament in a highly evacuated bulb. The 
target was solid tungsten. This tube was announced by Coolidge in 
1913, and this type of tube, which ‘is similar to that used today, has 
been known as the Coolidge tube, no matter who made it. The current 
flow through the tube was controlled by the temperature of the 
tungsten filament. The original design underwent a number of 
modifications and refinements in a very short period of time, and when 
it became commercially available, it was known as the "Universal" 
tube. This type of tube was still being made a few years ago and was 
still in use in some installations in the 1950s. The name "Universal" 
was quite appropriate since it was used for radiography, fluoroscopy, 
therapy, and all the different uses to which x rays were put or tried 
at that time. Coolidge's original version of the Universal tube was 
rated at 140 kVp and 5 mA continuous and could be operated up to 100 
mA intermittently for radiography. As time went on, it was available 
with one of three different filaments and, hence, focal spot sizes 
described as fine, medium, and broad, but with no numbers assigned to 
them. During World War I there was a tremendous spurt in the use of x 
rays for diagnostic purposes, and this led to a number of developments 
and modifications to the original design proposed by Coolidge. 


The next really successful tube after the Universal tube was one 
with a radiator assembly attached to the anode. The target in this 
tube was a tungsten button cast into a copper anode instead of the 
solid tungsten anode of the Universal type. The radiator tube with a 
round focus (all the original Coolidge tubes had round focal spots) 
was known as the R tube, and it had a rating for self-rectified opera- 
tion at 85 kVp and 10 mA. This type of tube was manufactured for over 
two decades with very few modifications except for focal spot sizes. 
At the same time a similar tube was made for operation in air at 85 
kVp and up to 30 mA, and this tube in many cases was provided with two 
filaments for two different round focal spots. 


For x-ray protection the type R tube was enclosed in a lead-glass 
bowl, except for the area where the useful beam came out. The earlier 
Universal tube had been operated in a lead-glass bowl, but one that 
was also open at the top. The high-voltage leads came directly from 
the generator to the x-ray tube anode and cathode in the nonshockproof 
mode of operation. The demands of World War I for a portable unit for 
front line hospitals caused some redevelopment of the x-ray tube which 
resulted in a tube similar to the R tube but made of lead glass with a 
lime-glass window to reduce the bulk of the R tube, plus a lead-glass 
bowl. Making an x-ray tube out of these materials was a very tricky 
process, and I doubt if it could be done successfully today. 


The next phase of development produced smaller tubes for oil- 
immersed operation. In 1918 Waite, and about the same time Coolidge, 
described a small tube and a high-voltage transformer both mounted in 
the same oil-filled tank - what we would know today as a self- 
contained tubehead. For all practical purposes, this was a shockproof 
unit, and it was useful for dental work and as a portable unit for 
quite a few years, long before and up to the time high-voltage cables 
became available. In the next 10 to 20 years larger, stationary anode 
tubes were designed and made available to operate at higher currents 
up to 1,000 mA. Most of them were mounted oil-immersed in shockproof 
housings, and later on the energy to them was supplied by the high- 
voltage cables. 


One of the most difficult things to accomplish successfully in x- 
ray tube manufacture is to grind the window area down to a uniform 
thickness so that the aluminum equivalence of the window is the same 
all over. 


The next radical change in x-ray tube manufacture involved the 
line focus principle, and after that, the rotating anode type of tube 
which became available in this country in the 1930s although it had 
been developed and was available earlier in Europe. Since its advent 
it has become more and more popular as it allows higher ratings with 
smaller focal spots than a stationary anode tube. The rotating anode 
tube has not made the stationary anode tube obsolete, and in 1950 Zed 
Atlee described a stationary, tilted anode design that permitted 
higher ratings with a small focal spot for self-rectified operation up 
to 100 mA at 100 kVp than did the conventional anode. The tilted 
anode design provided protection against inverse filament burnout 
which was the main limiting factor in the use of stationary anode 
tubes with self-rectified equipment. Later in the 1950s Atlee 
developed another design, the skewed anode, which permitted even 
greater target loadings. At the present time the use of stationary 
anodes in diagnostic radiology is generally limited to small mobile 
units used for bedside work, and rotating anode tubes are used for the 
rest of the work in diagnostic radiology. 


The first rotating anode tubes available in this country had 
small-diameter tungsten targets, and these were usually embedded in a 
copper block that was part of the rotor assembly. Even though the 
diameter was small, it did give a significant increase in permissible 
tube loading compared to the stationary anodes. Many of the early 
designs were small in diameter to fit into the same physical space as 
the stationary anode tubes they replaced. These tubes were normally 
provided with two filaments to give either a large or small focal 
spot. The rotating anode type of tube is a little awkward to operate 
because the anode is quite massive and hence its inertia is high. The 
next step was to develop a design in which the rotating anode was just 
a tungsten disc. Commonly, the diameters of the targets were between 
2 and 2-1/2 inches. Many other developments have taken place since 
1935 with the rotating anode tubes, the most recent being the compound 
target (tungsten backed with molybdenum for example), the use of 
targets containing an alloy of tungsten (rhenium/tungsten target for 
example), and the use of larger diameter anode assemblies. Now target 
diameters up to 4 inches are common. (Later we shall discuss rotating 
anode tube operation in full detail.) 


HIGH-VOLTAGE GENERATORS 


The development of high-energy generators has gone almost hand-in- 
hand with the development of the x-ray tube. Just about every 
conceivable source of high voltage has been used at one time or 
another to energize an x-ray tube - some German experimenters even 
used lightning discharge to obtain high-voltage x rays. Storage 
batteries were used for quite some time to provide a good, constant 
high-voltage source. In the very early days hand-driven electrostatic 
generators of all types were used. 


It wasn't too difficult to produce high voltage in the early days. 
There were many different means of generating high voltage, but it wae 
difficult to provide high voltage along with high current or even with 
a reasonable current. The currents available from static generators, 
for instance, were in the microampere range. The early electrostatic 
generators were modified by adding more sections to increase the cur- 
rent capability, and these could be considered the forerunner of the 
modern Van de Graaf units used today. 


Some of the commercial versions were quite fancy. In one, the 
disc at the back was motor driven, and there were insulators at the 
front and small sphere gaps to which the connections to the tube were 
made. In these old installations it is interesting to notice also the 
tube stands and the table. The table was often a desk or a bench 
which could be pulled out for the patient, while the tube was held by 
a ringstand at the side. 


Induction coils were used widely in the early days, and in fact 
were used until the closed-core type of transformer was developed. 
The induction coils ranged from very small, simple devices rather like 
the ignition coil of an old car to mammoth affairs with mercury 
interrupters in place of the spark gaps to interrupt the primary to 
the coil. A typical coil along with its batteries (some could be 
operated from d.c. lines available at that time) and the gas tube - a 
complete x-ray installation - could be bought for about $195.00. 


The high voltage from an induction coil is induced in the 
secondary by interrupting the current flow in the primary. Many 
different types of interrupters were used - spark gap, mercury 
turbine, electrolytic devices - and these resulted in spikes of 
voltage and spikes of current through the x-ray tube so the voltage 
and current waveforms were extremely poor. In addition to poor 
waveform and current capacities, these systems required a great deal 
of continual tinkering to keep them in operation - they were not 
something that could be installed and forgotten. Induction coils were 
used for a long time, and since voltages up to 250 kV could be 
obtained, they were still in use for radiation therapy generators long 
after they ceased to be used for diagnostic radiology. 


An electrolytic interrupter consisted of a dilute sulphuric acid 
solution and two electrodes. One of these was a zinc plate, while the 
other, the anode plate, had an insulated covering with only the metal- 
lic tip exposed. As current flowed through the primary coil and 
through this device, a bubble of hydrogen would form at the tip and 
interrupt the current flow. As soon as the current was interrupted, 
the hydrogen bubble would collapse, and then the current could start 
to flow again. This was a very simple device, and it was very, very 
easy to maintain. 


The credit for first energizing an x-ray tube directly from a 60- 
Hz transformer, similar to those used today, apparently goes to Clyde 
Snook of Philadelphia in about 1907. This development came 
essentially simultaneously with the development of what was known as 
the cross-arm rectifier, and together they permitted essentially 
pulsating d.c. operation of the gas x-ray tube. The cross-arm 
rectifier or some type of rectification was essential at that time 
because all the x-ray tubes in use had light-weight anode assemblies 
operating at elevated temperatures and probably emitting more 
electrons than the filament. None of these tubes could be run self- 
rectified because there would be a tremendous amount of inverse 
emission in the _ tube. From the late 1900s onward mechanical 
rectifiers and closed-core transformers were used extensively. In 
about 1910 J. B. Wantz in Chicago made a disc type of rectifier which 
competed with the cross-arm_ rectifier. Because of inherent 
limitations of the mechanical type of rectification, for efficient 


operation most were limited to 100 mA as a maximum, although it was 
possible to reach up to 200 mA. As late as the 1950s a significant 
number of these mechanical rectifiers, modified with shockproof 
housings and high-voltage cables, were still in use in this country. 
About the best thing that could be said for the mechanical rectifiers 
was that they were rugged; once installed, they ran and ran. Unfor- 
tunately, the principal disadvantage was that they were difficult to 
manufacture, so installation was sometimes complicated. A major dis- 
advantage was the noise factor - when they were operating, everyone in 
the building would be aware of it; they also took up a lot of space. 
The natural desire is to operate the x-ray tube self-rectified 
directly from the high-voltage transformer, but this was not a_ simple 
matter because the x-ray tubes would not rectify the high voltage. 
The early Coolidge tubes were air-cooled, and the emission of elec- 
trons from the tungsten target would, by bombarding the filament 
during self-rectified operation, cause the filament to burn out. 
Various schemes were tried in an endeavour to use both halves of the 
voltage cycle from a closed-core transformer. Some tubes had _ two 
cathode and two anode assemblies that could be switched from one set 
to the other each half-cycle. Another scheme used two x-ray tubes 
that were similarly switched. None of these ideas worked very well, 
and credit for self-rectified operation goes to Coolidge who developed 
it for field work in World War I with the R-type tube. 


The next logical step in development was to enclose the tube and 
the high-voltage transformer in the same tank. Credit for this goes 
to Waite of the Waite, Bartlett Co. and to Coolidge, both of whom de- 
veloped self-contained units at about the same time. The Coolidge 
unit was developed specifically as a dental unit called the CDX, and 
larger versions of this type of equipment have been made for 
radiography up to 100 mA. A typical installation of a self-contained 
self-rectified type of unit operated at 85 kV and 10 mA for both over- 
the-table radiography and under-the-table fluoroscopy. Because of the 
dual use, a large area under the table had to be left free so the tube 
could be positioned underneath. Notice also that we have gone to a 
side-rail type of tube support where the tube is mounted on ae stand 
which is supported by a pair of rails that allows movement along the 
length of the table. The tube unit itself was counterbalanced by a 
big chunk of lead inside the support member. The fluoroscopic screen 
was mounted on a separate stand. In those days there was no 
interlocking, and fluoroscopy could be performed without the primary 
barrier in the beam. 


The mechanical rectifier was obviously limited in its usefulness 
and was quite cumbersome even as a single-phase half-wave rectifier, 
much less as a single-phase full-wave rectifier. Rectification by va- 
cuum tubes for low-voltage circuits in radio had been used for about 
the same length of time as x rays, but little attention had been given 
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to the use of rectifier tubes for x-ray production until about the 
1920s in Europe and the 1930s in the U.S. Some gas-filled rectifiers 
had been used with gas x-ray tubes back in the 1900s, but these found 
little use; the combination produced such instability that most physi- 
cians would not tolerate them. The thermionic high-voltage vacuum 
rectifier tube as we know it today had its inception as a result of 
Dushmann's work in 1915 and provided the means for using different 
types of circuits than were possible with the mechanical rectifiers. 


The thermionic rectifier is like the x-ray tube in the sense that 
it is also a two-element tube, a diode, but there are several design 
and operational differences. The vacuum tube rectifier is operated in 
the space-charge-limited region where far more electrons come off the 
filament than are needed to make up the current flow, while the x-ray 
tube operates in the emission-limited region where the tube current is 
controlled by the temperature of the filament. Hence, the current 
through the thermionic rectifier is determined by the voltage drop 
across it, which in most diagnostic installations will be up to 2 kV, 
although some may operate in the hundreds of volts. Usually, then, it 
requires 1 or 2 kV across the rectifier tube to achieve the same 
current through the rectifier as through the x-ray tube. There are 
other design differences; the filament in the rectifier is fairly 
massive and operated at relatively high temperatures so that it emits 
many electrons, while the anode of a rectifier surrounds the filament. 
The reasons for these differences will be discussed later. 


Originally, the connection between the high-voltage transformer 
and the x-ray tube was made just by wire, but as the installations 
became more fixed, brass tubing, chrome or nickel plated, was used. 
At first this tubing was 3/8-inch diameter, but as high voltages were 
used, it became necessary to reduce corona and make the conductor more 
rounded. Hence, 3/4-inch-diameter tubing was used, and spheres were 
placed on top of the insulators on top of each tank. 


One must always be careful when using rectifiers in high-voltage 
circuits, since they are potential sources of x rays if they become 
gassy or if the emission from the filament becomes limited so the 
voltage drop across the rectifier increases and the tube acts like an 
x-ray tube. This is not too common in the circuits used in diagnostic 
X-ray equipment but is more apt to occur in x-ray crystallographic 
units that use a two-rectifier full-wave rectified system. In this 
case the anode of the x-ray tube is at ground potential and the 
transformer is center-tapped to ground with one rectifier in each leg. 


Rectifiers are known by many names - rectifiers, valve tubes (cor- 
related with the flow of electricity being comparable to a flow of 
water), diodes (a throwback to the bielement types of solid-state rec- 
tifiers), and often by the trade name "Kenotron"”, the name picked by 


Saul Dushmann when he developed the thermionic high-vacuum rectifiers. 
Kenotron is a trade name, although it is often used regardless of 
manufacturer. 


At the present time most of the rectifiers used in diagnostic 
high-voltage systems are the solid-state type, and these will be 
discussed a little later. 


PERSONALITIES AND PROGRESS 


Any time you look into the early work with x rays you will come a- 
cross the name of Elihu Thomson. He was born in England in 1853 and 
moved with his family to this country when he was still a child. He 
went to school in Philadelphia and taught high school there for a few 
years before founding the Thomson Houston Electric Company, which 
eventually merged with the Edison Company to form the General Electric 
Company. Thomson, at the time of the merger, was made head of what is 
now the research laboratory, then in Lynn, Massachusetts. Although 
Thomson's own contributions in the field of x rays were quite great, 
they are overshadowed by those of others who worked for him. One of 
these men was Herman Lemp. The reason you may not have heard of him 
is that he spent most of his life working on equipment not connected 
with x rays, but his contribution to the x-ray field was the synchro- 
nous mechanical rectifier or, as he called it, the a.c. selector. 
This was the forerunner of the mechanical rectifiers that were used in 
x-ray equipment, and Lemp's synchronous mechanical rectifier made 
possible the high voltage and higher currents necessary for higher- 
powered x-ray tubes. It is interesting to note that Lemp's patent 
application was specific to a device for energizing an x-ray tube. He 
filed for the patent in 1897, and it was granted in 1904. 
Unfortunately, Lemp's rectifier was not put into immediate use in x- 
ray work - that is fairly obvious since the mechanical rectifiers were 
not used prior to the advent of the closed-core transformer. Almost 
all the commercial power available at that time was direct current, 
and direct current was used to energize induction coils. The central 
station alternating current available at that time was subject to 
considerable variation in frequency which posed serious problems to 
any synchronous system such as that involved in Lemp's design. 


Lemp's rectifier had to wait until Clyde Snook incorporated it in- 
to his interrupterless x-ray transformer, the conventional closed-core 
transformer that we know today. Lemp was born in Berne, Switzerland, 
and worked there as a clock and instrument technician before coming to 
this country in 1882 when he was 20 years old. He worked for the 
Edison Company before it merged to become the G.E.C. and held over 200 
patents in basic electrical designs - the a.c. selector, quite a few 
involving diesel electric motor drive and control, and he even held a 
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patent for a thermostat for an electric coffee pot. He received the 
George Henderson Medal of the Franklin Institute in 1951, two years 
before his death, for his work on diesel electric design. 


Clyde Snook was born in 1874 in Ohio and received A.B. and B.S. 
degrees from Ohio Wesleyan and an M.S. degree from Allegheny College. 
In 1903 he founded the Roentgen Manufacturing Company of Philadelphia. 
In 1910 he patented his interrupterless x-ray transformer. He was a 
professional engineer, and through his association with a professor at 
the University of Pennsylvania he became interested in x-ray equipment 
operation. At a 1907 meeting of the Franklin Institute Snook 
presented a paper on the secondary current of the induction coil, 
complete with oscillograms of the current through the gas x-ray tube 
as energized by a Rumkorff coil and three different types of primary 
interrupters. For his study the University of Pennsylvania professor 
had made available a Duddle high-frequency oscillograph, a new device, 
that enabled him to show current waveforms. Snook's paper actually 
stands out as a classic treatise on the engineering principles 
involved in the production of x rays. 


With the information obtained from his studies on the induction 
coils, Snook followed the path through the alternating current trans- 
former, with Lemp's rectifier in the secondary with the x-ray tube. In 
a single step he had removed the old problems associated with the 
make-and-break device, as used with the induction coil, and other 
problems brought on by inverse voltage when the tube is run directly 
from the transformer on a self-rectified basis. In Snook's system, in 
order to ensure that the transformer and the rectifier were in phase, 
he used a d.c. motor to drive an a.c. generator. The generator and 
the rectifying switch were on a common shaft, and since’ the 
alternating current from the rotary was used to energize the primary 
of the high-tension system, the whole system was always in phase. 


The paper Snook wrote concerning the interrupterless transformer 
with the Lemp rectifier was read at the 4th International Roentgen 
Congress of Electrology and Radiology in Amsterdam in 1908 and was 
published in the Archives of the Roentgen Ray and Allied Phenomena of 
December 1908, under the title "A New Roentgen Generator". Snook 
continued to recommend d.c. operation of his units up until 1913 
because the existing alternating current available from power 
companies varied too much in frequency to be used with a synchronous 
system. By 1913 the situation had improved so he could run the high- 
voltage transformer directly from the a.c. line and the rectifier by a 
synchronous motor and dispense with the generator. It is interesting 
to note that Snook also designed and built polyphase machines, but 
they were never very popular - he received a patent for polyphase 
design in 1916. He also experimented with machines to operate at 


higher frequencies than 60 Hz but could find nothing to justify their 
use. 


Within a few years after its introduction Snook's system was in 
use all over the world. The units were made by many different 
companies under Snook and Lemp licenses. The advent of the Snook 
generator made available a dependable high-voltage system in which the 
power available was not a limiting factor in radiological procedures; 
in fact, the capacity exceeded that of the gas tubes. Voltage could 
be adjusted by means of either a primary rheostat or an 
autotransformer, and an mA meter could be connected in series with the 
x-ray tube. What was needed now was an x-ray tube with predictable 
operating characteristics which was capable of operating at higher 
power than was then available. 


Elihu Thomson's research laboratory moved at about this time to 
Schenectady, New York, and from a program of essentially pure 
research, three men, Coolidge, Dushmann, and Langmuir, made very 
important contributions to the field of radiology. At a meeting of 
the American Institute of Electrical Engineers in New York in 1910, 
Coolidge first presented his work on ductile tungsten. The immediate 
objective of his work was to develop a replacement for the lamp 
filaments in use at that time - carbon or brittle tungsten. The 
patent application Coolidge submitted did not mention the use of 
tungsten filaments in x-ray tubes, although it did specifically 
mention the use of large pieces of tungsten as x-ray tube targets. 
The new method of producing these targets resulted in their immediate 
use ina large number of gas tubes. To increase the thermal capacity 
of the anode, a tungsten button was force fitted into the face of a 
large copper block, but the thermal contact between the tungsten and 
copper was fairly poor. In 1912 Coolidge described a method of making 
composite metal bodies which removed the problem of thermal contact, 
and this type of system has been used from that time on. 


While Coolidge was working on the x-ray tube and making ductile 
tungsten filaments, Irving Langmuir was working on the production of a 
higher vacuum in enclosed glass tubes. The result of Langmuir's work 
was the Langmuir mercury vapour pump which made possible tubes with 
lower pressures than ever before. Langmuir used these tubes and the 
tungsten filaments to explore the influence of gas pressure on the 
operation of the vacuum tube which, up until that time, had been 
generally thought to require gas for successful operation. In the 
December 1913 issue of Physical Review, Langmuir published a paper 
entitled "The Effect of Space Charge and Residual Gas on Thermionic 
Currents in High Vacuums". This 36-page paper laid the foundation for 
the entire electronics industry. Langmuir's work provided an 
understanding of the operation of the gas tube and pointed the way 
towards something better. Since Langmuir and Coolidge were working in 
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the same place, Coolidge used the technique of producing a high vacuum 
and started working on this system for an x-ray tube, and Coolidge's 
paper on his new x-ray tube was published in the same 1913 issue of 
Physical Review that carried Langmuir's paper. 


So, with Snook's interrupterless transformer and Coolidge's x-ray 
tube, diagnostic radiology had on hand for the first time reliable, 
consistent, and high-capacity sources for diagnostic x-ray procedures 
that could operate at up to 100 mA - even if they were very noisy. 


We can imagine a conference between Dave, Saul, and Irving: 
Coolidge complains to Dushmann about what his new vacuum tube 
rectifiers were doing to the output of his new x-ray tubes; Thomson 
would be complaining about Snook who was complaining about what these 
rectifiers were doing to his interrupterless x-ray transformer. The 
problem was that the original kenotrons were designed for use with 
radio transmitters and the operation of high-voltage circuits of radio 
transmitter systems is completely different from that associated with 
x-ray operation. For radio use the rectifiers would be operated under 
constant voltage and current, while for x-ray use the voltage and 
current are variable, depending on the technique used, and the time is 
also variable. The first kenotrons were basically two-element vacuum 
tubes with a filament and an anode, but the filament was not immersed 
in the anode as is the case nowadays. As a result, when they were 
used under intermittent conditions of use and the filaments were 
operated under space-charge-limited conditions which produced many 
electrons, the electric charge blanket that developed would act as a 
grid and effectively put a bias voltage between the cathode and _ the 
anode. A consequence of this was that the electron flow and voltage 
drop of the rectifier could vary from exposure to exposure, and _ the 
voltage drop changes across the rectifier would produce a change in 
voltage across the x-ray tube and very erratic radiographic results. 
Thomson would have told Dushmann to go back to the drawing board, 
after which Dushmann would come up with a design he had actually used 
earlier - one in which the anode was placed around the filament. This 
eliminated the pseudo-grid effect and ensured a constant voltage drop 
across the tube for a given current flow. This type of immersed 
filament has been used ever since. 


A typical installation of the 1920s consisted of the control 
panel, high-voltage generator with rectifiers, table, the Universal x- 
ray tube in the lead-glass open-topped bowl, and a curved assembly on 
the tabletop which served as the film holder. Two high-voltage meters 
were used, one in the high-voltage circuit as the mA meter to indicate 
tube current, while the other was the filament secondary current meter 
used to preset a particular tube current. 


DEVELOPMENTS IN MODERN X-RAY EQUIPMENT 
THE X-RAY TUBE 


The most significant changes in x-ray tubes in recent years have 
been the measures taken to reduce leakage radiation from the tube 
housing, to reduce focal spot size for the same or even increased ca- 
pacity, and to make the systems really shockproof as compared to _ the 
older units. 


The first really significant step in the reduction of focal spot 
size came with the development of the line-focus principle for the x- 
ray tube. The idea of line focus was not new, since workers on gas x- 
ray tubes with metallic targets had noted that the bombardment area 
changed as the angle of the target was changed. In 1916 a patent was 
issued in this country to someone for a line-focus type of gas tube, 
and the principle was applied to the Coolidge tube in a patent to Otto 
Getz in 1926. He had received a similar patent in Germany in 1919. 
Philips in Holland and Muller in Germany produced line-focus tubes as 
early as 1922. With the advent of line-focus tubes, round or oval 
focus tubes became essentially obsolete. 


The next major step in reduction of focal spot size came in 1926 
when the rotating anode tube, designed by Bowers of the Philips 
Company, became commercially available. The idea of anode rotation 
had been suggested very early in x-ray tube development, but the many 
problems involved were not successfully solved until 1929. One of the 
early suggestions for rotation was made by Wood in 1897 for gas tubes. 
For the earliest tubes where the wall was still the target, he 
suggested rotating the complete tube, except for the cathode which 
would be held in a fixed position in space by gravity, so that the 
source of the radiation would be a wide area of glass rather than a 
single area. I cannot find confirmation that such a tube was built, 
although Wood published some data about it. 


In 1899 Rollins in Boston published several articles in Electrical 
Review dealing with rotating targets. He referred primarily to a 
series of targets that could be moved in the tube between exposures 
rather than a target that could be rotated continuously. The next 
step occurred in about 1914 when Pohle in Germany and Thomson in the 
U.S., in patent applications made about the same time, suggested means 
for rotating the anode of an x-ray tube during exposure. Pohle, as 
well as describing mechanisms for holding the cathode or anode 
stationary by gravity while rotating or vibrating the tube, also 
described schemes for rotating the anode only within the tube. In his 
patent application, however, he seemed to miss the point that this 
type of application would be particularly useful in diagnostic 
radiographic work; he limited his application of this principle to 
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therapy tubes and said that it could not be used in a diagnostic tube 
because the focal spot enlarged during the rotation of the target. 
Thomson's application included both gas tubes and the newer Coolidge 
tube used for rotation. He showed a wheel or disc inside the tube that 
could be rotated magnetically and turned on dry graphite bearings. 
This work was particularly important, because it laid down all the 
principles of rotation in a vacuum, and most of the work that followed 
in the next few years was based on his suggestions. Since Coolidge 
was aware of what Thomson was doing, he also started work on a 
rotating anode and published an internal report on his rotating anode 
tube in 1915. He also tried rotating the whole tube, using a magnet 
to deflect the electron beam to a constant point in space. This idea 
would have solved the problem of deflecting an electron beam, but the 
design never got off the ground. Another system was tried by Muller 
in England, who used a continuously-pumped tube that allowed the anode 
to be brought outside the tube and rotated through a vacuum stuffing 
box, but this idea never left the laboratory either. Most of the 
references in the literature up until the middle or latter 1920s dealt 
with minor engineering efforts to try to achieve successful anode 
rotation. The progress to that goal depended on advances in several 
different fields, particularly in the physical properties of 
materials, and the final development of the tube is an excellent 
example of the cooperation between different branches of science. 


The problems involved in making a practical tube can be 
illustrated by describing the status of developments as of the late 
1920s, just before the first really successful commercial tube was 
made available. There are, of course, certain very fundamental 
problems involved in rotating something in a vacuum - obtaining a 
bearing that will work without lubrication and without excessive 
deterioration (and it was the latter that caused most difficulty); 
obtaining sufficient torque to overcome inertia and to ensure that the 
target can be rotated; and dissipating the heat developed in the 
target and in the rotor assembly. In the 1920s the bearing problem 
was needlessly complicated by a lack of sufficient torque to achieve 
rotation. At that time it was difficult to secure low friction, which 
added to the torque problem because it increased the amount of energy 
required. In a vacuum the rotating surfaces of the different 
materials are in more intimate contact than in air, and no oxides or 
lubricants can be put in to reduce friction. The bearing problem is 
compounded since during the heat treatment of the tube while it is 
exhausted during manufacture, the high-frequency heating of the 
internal components as well as the bearings will cause roughening of 
the surfaces due to explosion of gas from these surfaces. Many means 
have been tried to improve the bearing surface - graphite sliding on 
steel, copper impregnated with graphite sliding on various materials, 
a scintered tungsten impregnated with graphite, quartz silver, steel 
alloys, tungsten, chromium, cobalt, and various other materials. All 


of these, although they would operate, deteriorated quickly, faster 
than desirable for successful long-term use of the rotating anode. It 
wasn't until a new type of bearing was developed that the rotating 
anode tube became successful. 


The problem of torque in rotating anode tubes involved single- 
phase motor design. In the late 1920s a rotor assembly basically 
similar to a conventional induction motor could be used, but there was 
a 3/8-inch gap between the stator and rotor that the magnetic field 
would have to penetrate rather than the few thousandths of an inch as 
in a conventional motor. So, in the 1920s, if the input to the stator 
were 1/2 HP, only 1/25 HP would be available to overcome rotor 
friction. Since the development of the commercial version of the 
rotating anode tube in 1929, there have been many improvements, 
chiefly in bearings and heat capacity. 


RATINGS 


Modern rotating anodes must be capable of operating reliably and 
efficiently from various types of x-ray generators. A given type of 
rotating anode tube may be used with almost any kind of x-ray gener- 
ating source - single-phase, three-phase, half-wave, full-wave recti- 
fied, etc. As a consequence, it is becoming increasingly difficult to 
identify the limitations imposed specifically by the x-ray tube. 
Until recently almost all the x-ray equipment in this country has been 
of the single-phase full-wave type. Hence, most x-ray tube manufac- 
turers have been concerned with tube ratings for single-phase opera- 
tion. For three-phase generators new rating requirements are neces- 
sary. Generally, ratings or loading limitations of the tube are 
related to the capacity of the anode structure to absorb the generated 
heat. The present x-ray tube design has evolved as the result of 
efforts to increase the permissible exposure and exposure rates while 
maintaining the same or smaller focal spot size. Some of the factors 
that influence the rating and loading include focal spot size, target 
angle, target rotation speed, target diameter, target mass, target 
heat dissipation, and the material of the target. Each of these will 
be discussed in turn. 


Focal Spot Size 


The actual focal spot size occurs as a result of the cathode- 
focused electrons striking the prescribed area of the target. This 
area for a line focus tube is normally a rectangle whose length is 
several times that of the width, and the projected focal spot size is 
usually a square. Increasing the bomarding area increases the loading 
capacity of the tube. For the same target angle present commercially 
available tubes normally provide focal spots in the range from 0.3 to 
2.0 mm square by changing the length or width of the bombarded area. 
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Some special tubes have focal spots outside this range. Since radio- 

graphic detail, or visible readout, varies with the size of focal 

spot, most tubes are provided with two focal spots - small and large - 

the small for the greatest detail with limited ratings and the large 

for the higher-powered short-time exposures that might be needed. In 
a typical rotating anode tube operating under single-phase full-wave 

rectification at 125 kVp for a 1/60-second exposure, the maximum tube 

currents for a 0.5-mm focal spot would be about 50 mA, for a 1.0-mm 

spot about 180 mA, and for a 2.0-mm spot about 390 mA. 


Target Angle 


The focal area of the target can also be increased by decreasing 
the angle of the target, and most rotating anodes have target angles 
ranging from 10 to 20 degrees. Since the area is proportional to the 
sine of the angle, a rough approximation is that the area and loading 
increase in this proportion, so a 15-degree target would permit a 50 
percent loading increase over a 20-degree target, and a 10-degree 
target would permit a 50 percent increase over a 15-degree target or a 
100 percent increase over a 20-degree target. Although the increased 
loading capacity is desirable, the requirement for larger area cover- 
age indicates the use of targets greater than the minimum of 10 de- 
grees. Most conventional rotating anode tubes have target angles be- 
tween 15 and 17-1/2 degrees, which will provide a field adequate to 
cover a 14-inch by 17-inch film at the normal focus-to-film distance. 
As a result of the increased use of image intensification systems and 
the need for greater loadings on small focal spots for special exami- 
nations, some rotating anode tubes are made with target angles down to 
10 degrees - with the smaller angles there is less coverage. As a 
simple approximation (tangent of the target anode x focal film dis- 
tance = radius of field covered; e.g., at a 30-inch distance a 20- 
degree target covers an area with a radius of about 10 inches), a 10- 
degree target would cover a radius of about 5 inches. 


Rotation 


Rotating the target effectively increases the bombarded focal spot 
area. When what we might call a conventional rotating anode tube is 
operated with a 60-Hz rotor/stator assembly, rotational speed of 3,000 
to 3,600 rpm will result. The load area of a 2-mm-square focal _ spot 
on a tube with a 3-inch-diameter target operating at 3,000 rpm would 
then be greater than that of a stationary anode tube by a factor of 
about 100. The ratings could be further extended by increasing the 
speed of rotation. If this is tripled to 10,000 rpm, for example, 
short-time exposures will increase the maximum tube loading by an 
amount approximately equal to the square root of the increase in 
speed; i.e., about 1.7 in this case. As a result, for the example 
previously used, at 125 kV with a nominal 2-mm focal spot and a_ 1/60- 


second exposure, the maximum tube current useable could be increased 
from 390 to 670 mA by increasing the target rotation from 3,600 rpm to 
10,000 rpm. 


Target Diameter 


Increasing the target diameter of the tube will also increase the 
ratings; this results from the increase in length of the focal spot 
track. Everything else being equal, the loading can be increased 
approximately in direct proportion to the diameter of the target. 
Practical limitations on the size and weight of complete x-ray tubes, 
however, have essentially limited the maximum target diameter to about 
4 inches, although some larger-diameter targets have been built for 
some special applications. One such tube built for high-powered in- 
dustrial fluoroscopy had an 8-1/2-inch-diameter target. This particu- 
lar tube unit weighed 150 pounds but with a 5-mm focal spot had a 
continuous rating at 140 kVp of 50 mA. 


Target Heat Considerations 


Most of the discussion concerning maximum loadings so far has 
dealt with factors affecting the maximum short-time exposures which 
are influenced by the surface heating of the target. When considering 
exposures of longer duration, serial exposures, and the time interval 
between exposures, the total heat storage capacity becomes very impor- 
tant. Anode heat storage capacity is measured in heat units 
calculated from exposure factors. As the target mass is increased, 
storage capacity increases, and tubes may be selected with different 
target masses as related to operational needs. Rotating anode tubes 
with heat storage capacities of 300,000 heat units or more are 
available today. 


Of equal importance with the heat storage capacity is the matter 
of heat dissipation - the cooling rate of the anode. This provides a 
measure of the allowable frequency of exposure and, consequently, of 
the work load. Most anodes of current x-ray tubes are given special 
processing which is designed to increase their thermal emission. The 
higher the heat dissipation, the greater the capability for long film- 
ing sequences such as those used in cine-fluorography and serial 
radiography. Until recently most targets in rotating anode tubes were 
made of solid tungsten, but recent advances in target manufacture have 
resulted in compound targets. One type of compound target has a lami- 
nated assembly in which the focal spot area is made of tungsten with a 
molybednum layer behind it. This gives a target of greater volume 
without adding appreciably to the weight. The increased volume makes 
possible greater heat storage capacity but keeps the weight down as an 
aid to rotational starting requirements. In a second type of compound 
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target metals such as rhenium are added to the tungsten to help mini- 
mize surface deterioration of the target. 


Effect of Circuit on Tube Rating 


So far I have considered those design and material considerations 
imposed by the conversion of energy into heat that control tube 
rating. These are applicable regardless of tube type, type of genera- 
tor, or type of rectification. Whether the tube is operated from 
single- or three-phase generators will affect the ratings. Four fac- 
tors are used to determine the ratings that are somewhat differently 
defined for single-phase as compared to three-phase equipment. 


Single-phase: Peak kilovoltage: The maximum instantaneous kV at 
any time during the exposure. 


Tube current: The current as read on the 
meter; the peak current will be 
2 times this amount. 


Exposure time: Expressed as a fraction of a 
second. 
Heat units: The product of 1 kVp x 1 mA x 
1 sec. 
Three-phase: Peak kilovoltage: Same as for single-phase. 
Tube current: The current as read on the 


meter, but now we can consider 
that the peak and average tube 
currents are the same. 


Exposure time: Same as for single-phase, but 
the increments may differ. 


Heat units: Expressed as the energy pro- 
duced in single-phase equipment 
times a factor which depends on 
the type of generator (6- or 12- 
pulse) and varies from about 
1.25 to 1.41. 


It is mot correct to assume that single-phase ratings can be con- 
verted to three-phase ratings by using this factor, or vice versa, 
only for heat units. Heat units can be converted to wattage by multi- 
plying by 0.7. For very short exposures the rating for three-phase 
units can be higher than for single-phase, but for exposure times of 


about 1/2 to 1 second the two ratings are about the same. At _ longer 
exposure times the rating for single-phase units will be higher than 
for three-phase units. As a result, in some serial radiographic work, 
the individual maximum exposure factors can be higher on three-phase 
units, but the number of exposures or seconds of film run will be 
less. Simply stated, in short-time exposures with three-phase 
generators, higher ratings are permissible because the peak x-ray 
current is equal to the average. Long-time exposures, or series of 
exposures, produce more heat, and thus the number of exposures in a 
given time period has to be reduced. Most manufacturers’ three-phase 
rating charts make no distinction between 6- and 12-pulse generators. 


All x-ray tube manufacturers provide rating information for their 
tubes for both single- and three-phase operation, normally in the form 
of a radiographic rating chart and special charts for serial proce- 
dures - angiographic, cine radiography, etc. The charts are identi- 
fied as to the type of tube, focal spot size, stator power frequency 
(whether high speed or regular speed target), type of rectification, 
and whether for single- or three-phase operation. 


The total heat input to the target becomes crucial in techniques 
such as mammography and angiography, and heat units must be calculated 
from the three-phase ratings and then converted to single-phase heat 
units using the appropriate factor. Using the manufacturer's chart 
for a specific type of operation is always the safest procedure. 


Tube Housing 


The tube housing also has a maximum heat storage capacity, and in 
some cases this can become very important. Normally this capacity is 
many times that of the tube anode; for instance, a typical tube with 
an anode heat storage capacity of 200,000 heat units may be used in a 
housing that has a heat storage capacity of 1,250,000 heat units. 
However, the maximum anode cooling rate is normally much greater’ than 
the housing cooling rate, so both must be kept in mind when running at 
maximum ratings with some units. Heat storage and the ability to dis- 
sipate heat will depend on whether the tube is used with a blower for 
additional cooling. Some units are now available with an external ra- 
diator assembly through which oil from the tube unit can be circulated 
and cooled to increase the heat storage capacity of the system still 
more. 


Tube Shielding 


Tube shielding has been a matter of concern for many years. Some 
of the earlier tubes were contained in lead-lined boxes - particularly 
the under-table fluoroscopic tubes. This led to development of the 
open glass bowl with the Universal tube, the lead-glass shield all 


21 


22 


around the R-tube, and the lead-glass tubes made with lime-glass win- 
dows. The first attempt to make the shielding part of the tube itself 
occurred in 1927 when the Philips Metallex tubes were developed. This 
was followed by many different designs, ending with basically what is 
used today - a tube installed in a metal cylinder which can be lead 
lined. In today's conventional tube unit, the level of leakage radia- 
tion can be reduced to any desired value consistent with weight limi- 
tations that may be imposed on the tube unit. 


Electrical Shielding 


The first safe units, from an electrical high-voltage-shock point 
of view, were those designed by Waite and Coolidge in the early 1920s 
for dental radiography. In these units the x-ray tube and high- 
voltage system were together in a single grounded tank. The solution 
to the electrical problems came with the development of high-voltage 
cables in the 1930s, and this coupled with the placing of oil-immersed 
high-voltage rectifiers in the transformer tank and the placing of the 
tube in a shielded enclosure, made the whole system essentially shock- 
proof. Most of the systems are oil insulated, but during the last 15 
to 20 years some attempts have been made to use insulation in tube 
units and high-voltage transformers. Such attempts with the tube 
units have met with little success because of the difficulties in heat 
transmission from the anode. For the high-voltage transformers the 
use of sulfur hexafluoride has been of value and results in a _ reduc- 
tion in weight. From a service point of view, gas insulation is more 
pleasant than oil installation. Some dental units have been built 
with gas insulation, and a useful reduction in weight has been 
achieved because the low work load of such units results in less of a 
heat dissipation problem. Recent developments involving x-ray tubes 
and x-ray generators have come about primarily as a result of specific 
needs associated with new diagnostic procedures. These developments 
include means for timing exposures, new methods of control, etc. The 
basic system for producing x rays has been stabilized, and the devel- 
opments have been primarily refinements. We have come a long way 
since 1896 when Thomson published a book entitled "Roentgen Rays and 
Phenomena of the Anode and Cathode," which on the back fly leaf has an 
advertisement from the Edison Company offering to provide "X-ray Out- 
fits for Travelling Exhibitors." 


X-RAY TABLES 


The development of x-ray tables is probably about the least 
glamorous aspect of diagnostic radiology, at least from a historical 
point of view. Although these devices are extremely important in pro- 
ducing satisfactory radiographic or fluoroscopic results, very little 
can be found in the literature concerning their development, except 
for some tables developed for special procedures of one type or 


another. As a result, the individuals responsible for the design of 
x-ray tables over the years are probably known only to the U.S. Patent 
Office, and I suspect that this is all to the good in many cases. 


The use of x rays in diagnostic radiology for the first few years 
after Roentgen's discovery was limited primarily to radiography of ex- 
tremeties because of the types of tubes and generators then available. 
As a result, the first x-ray tables were a kitchen table or a desk. 
Since the high-voltage systems in early x-ray equipment limited the 
flexibility of tube unit positioning, there was a need for some 
flexibility in the tables used for conventional work, and some of the 
early designs would have put Rube Goldberg to shame. The development 
of the Potter-Bucky diaphragm, and particularly the reciprocating or 
oscillating grid in later years, put more emphasis on table construc- 
tion. It was extremely important that these tables were properly 
manufactured and installed and that there was no motion of the table- 
top, and particularly of the cassette within the Bucky tray, during an 
exposure. This problem is still with us, and occasionally we run into 
an installation where Bucky operation could cause some unintentional 
motion, resulting in a blurred film. The design of most’ general- 
purpose tables is based on their use for fluoroscopy. 


A mid-1930s vintage installation might be one where a single tube 
can be used for both radiography and fluoroscopy; hence, the area 
under the table must be available and easily accessible. This was a 
cantilever design with the table supported at the end and with a mech- 
anical motion for whatever table tilt was available. In this instal- 
lation high-voltage cables were connected to the tube which was sup- 
ported on a separate stand from the fluoroscopic screen. A little 
later design, still in the 1930s, is one with an enclosed table with a 
separate under-table tube for fluoroscopy. In this installation the 
single rail-tube support was replaced by a floor-to-ceiling support 
running on rails on the floor and the ceiling. The fluoroscopic 
screen assembly was attached to the fluoroscopic tube so both moved 
together, although for radiographic purposes it was necessary to be 
able to pivot the screen back out of the way. 


In a typical 1940 installation the table was similar to the pre- 
vious one but was motor driven with foot pedals to control the tilting 
motion - not very convenient, since there was always the likelihood of 
pushing the wrong pedal by mistake. Again, the floor-to-ceiling tube- 
stand was used, but a new accessory appeared - a vertical cassette 
holder for chest radiography. 


By the 1950s there had been a gradual change in layout and con- 
struction of the control systems - and for the first time it was not 
black. A different type of tubestand was available - a single floor 
rail with no support to wall or ceiling. This design did not last 
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long as it tended to wobble. The high-voltage cables began to disap- 
pear, although they still used a large support. By the mid-1950s_ the 
tube support was attached to the top of the mounting system for the x- 
ray table. This table could be rotated through a full 180 degrees. 
Even at this date a cone and not a collimator was still in use. 


Thus, x-ray tables have developed from simple wooden structures to 
mechanically positioned models and on up to extremely complicated 
ones. Maybe the most sophisticated is one described by Dr. Chamberlin 
at the AAPM meeting in Houston in 1971. Modern tube stands and tables 
now provide the flexibility needed for general radiography and 
fluoroscopy and for some of the special procedures that are necessary. 


A number of attachments have been used with x-ray tubes and tube- 
stands over the years, particularly for special procedures (e.g., body 
section radiography) when the general-purpose apparatus can be 
adapted. However, the general tendency today is to use _ special 
installations for special procedures rather than to make a single 
piece of equipment which is multipurposed. 


HIGH-VOLTAGE CABLES 


The high-voltage cables used since the 1930s to connect the gener- 
ator to the tube introduce an electrical factor during operation that 
was not really significant with the open high-voltage systems. A 
high-voltage cable can be considered as a long tubular capacitor. The 
older, large diameter cables rated at 75 kVp to ground had a capaci- 
tance of 60-65 pf/ft. The modern, smaller diameter cables have a 
capacitance of 40-45 pf/ft. The effects of this capacitance are fur- 
ther complicated by the trend in modern installations toward using 
longer lengths of cables - runs of 50 feet are not uncommon. Intro- 
ducing capacitance, basically connected right across the x-ray tube, 
presents particular problems in single-phase fluroroscopic units at 
low currents, although it is insignificant at the larger currents used 
in radiography. In high-current single-phase full-wave rectified 
operation the voltage goes from zero to a peak value and back to zero 
on every half-cycle, so the cables charge and discharge during each 
half-cycle. At low current operation and with three-phase equipment 
where there is a rise to a peak voltage and then a ripple, the cables 
do not discharge during each cycle but remain essentially charged. In 
some three-phase equipment the situation is compounded still further 
by the intentional introduction of capacitance in the high-voltage 
system in an attempt to reduce the ripple or to control the ripple 
waveform as the current is increased. Cable length can be significant 
in fluoroscopy but is normally not significant in radiography except 
where low tube currents of the order of 25 mA may be used. The effect 
of cable capacitance on voltage and current in the high-voltage cir- 
cuit can be measured by conventional electrical techniques. The 


effect on exposure rate, however, is not so readily determined from 
voltage and current measurements. 


To investigate the effect of the high-voltage cables on the x-ray 
output, it is possible to place an x-ray detector in the beam and ex- 
amine the x-ray output waveform on an oscilloscope; an x-ray measuring 
instrument can be placed in the beam to determine the effect of cable 
capacitance on exposure rate. As_ the effect of cable capacitance 
increases, the x-ray equipmnet operation tends to approach constant 
potentional. As the tube current is decreased, for example, with a 
constant cable length, the exposure rate, expressed as R/min/mA, will 
increase. You cannot assume, then, that decreasing tube current by a 
factor of 2 (e.g., from 1 to 0.5 mA) will result in a corresponding 
linear decrease in exposure rate, because it will not. This is one 
reason why it is very important that tabletop exposure rates for 
fluoroscopy be measured at the techniques that are being used and not 
to assume that you can convert from one mA to another with any 
validity. Along with an increase in exposure rate per mA as tube 
current decreases, there will be an increase in the effective energy 
as determined, for example, by measuring the HVL. When one determines 
the exposure rate of the leakage radiation from a diagnostic tube 
housing, expressed in terms of R/hr/mA at 1 meter, it is not difficult 
to obtain a factor of 2 difference in leakage exposure rate per mA 
when operating at 100 mA as compared to operating at 1 mA. If you 
wanted the highest leakage exposure rate per mA from your diagnostic 
tube housing, you would operate at the minimum tube current available 
on the machine. We have one generator that can be operated from 0.1 
mA up to 200 mA at 150 kVp, and we have confirmed these findings. 


Most diagnostic, radiographic, and fluoroscopic generators are not 
designed to operate at the maximum kVp and the minimum obtainable cur- 
rent, so if long exposures are made at 150 kVp and 0.1 mA, for 
example, it is not uncommon for something to "go bang" - either in the 
transformer, the cable, the bushing, or the tube itself. This is the 
reason why many fluoroscopic units operated from a 150-kVp_ generator 
will only be rated at a maximum of 125 or 130 kVp for fluoroscopy, yet 
at 150 kVp for radiography. In three-phase equipment the problem of 
capacitance in the high-voltage circuit is very similar to that with 
single-phase full-wave equipment, and it is only significant when low 
tube currents or short exposure times are used. 


If the capacitance involved in the high-voltage circuit is 
measured, it is possible to calculate the time constant with reason- 
able accuracy and to compare it with observed measurements of the 
decay in exposure with time after terminating the exposure by the 
timer or with the persistence of the fluoroscopic image after termi- 
nating a fluoroscopic exposure with the foot switch. There have been 
too many cases reported where x-ray equipment has been torn limb from 
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limb to try to eliminate persistence problems when the culprit was the 
length of the high-voltage cables involved. 


Now, let us consider some results of experiments on the effects of 
cable lengths. Figure 1 shows a typical x-ray output waveform from a 
full-wave rectified single-phase generator, measured by placing an 
ionization chamber in the x-ray beam (labeled "actual pulsating"). In 
this case the operating factors were 90 kVp, 100 mA. If the unit were 
constant potential, the output would be a constant at the peak value 
of the pulsating signal. Figure 2 shows what happens if the tube 
current is reduced to 10 mA and 40-foot-long high-voltage cables are 
used. In this case the x-ray output does not fall to zero each half- 
cycle. Instead, there is a constant-potential type of situation and a 
lot of ripple with, for example, the 110-kVp curve varying from 65 kVp 
to 110 kVp. 
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Figure 3, a plot of tonization current versus average tube cur- 
rent, illustrates what happens when the tube current is varied at a 
constant kilovoltage for a constant cable length. With single-phase 
full-wave rectified equipment a rather unusual waveform is obtained as 
tube current decreases, but it is approaching constant potential. 
Figure 4 shows the effect of changing cable length for constant fac- 
tors of 90 kVp, 3 mA. As the cable length increases, capacitance in- 
creases and the time constant increases, and the x-ray output begins 
to approach a constant-potential waveform. 
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Now, if we measure the exposure rate with an ionization chamber, 
and express it as R/min/mA at a standardized distance, 30 cm, and then 
change tube current from 10 to 1 mA, the results shown in Figure 5 are 
obtained. The exposure rate per mA increases as the tube current 
decreases. When the pulsating waveform condition is reached, the 
R/min/mA at any given kVp is essentially constant, but when the wave- 
form is not pulsating (zero to peak to zero), the exposure rate per mA 
increases. At 110 kV, for example, it increases from 6.9 up to 14.0 
R/min with 40-foot cables. The effect is dependent on cable length, 
but at lower and lower tube currents the values begin to converge 
again. As current is decreased, HVL increases, and this causes prob- 
lems in the use of HVL measurements for fluoroscopy situations. At 90 
kVp the HVL increases from 2.6 mm Al to 3.0 mmAl when the tube current 
is decreased from 15 mA to 1 mA, and the HVL will continue to increase 
at even lower mA. 


Figure 6 shows’ screen brightness per milliampere in the fluoro- 
scopic mode of operation measured just by putting a light detector be- 
hind the screen. The screen brightness per mA will increase as tube 
current is decreased and tends to approach a constant value, as expec- 
ted, at the lowest currents. 
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Figure 7 shows the voltage waveform across the x-ray tube for this 
single-phase full-wave machine as the current is changed at constant 
kV. At the peak the kVp would be 100. As the current is increased, 
the ripple increases; thus, at 0.1 mA it is 10 percent; at 0.5 mA it 
is 14 percent; at 1.0 mA it is 18 percent; and at 5.0 mA it is 50 
percent. This is one of the reasons why many three-phase machines are 
operated as single-phase units for fluoroscopy use and as three-phase 
units for spot films or regular radiographic use. There is little 
advantage to be gained by using the more complicated three-phase 
operation when when a waveform like this can be obtained for single- 
phase fluoroscopy, and contactor problems at low currents can be 
avoided. 


Another thing to notice in these curves is the tail, the dissipa- 
tion time for the residual energy from the system, as a function of 
current setting. At 0.1 mA the time to drop from 100 to 50 kV is 
about the same as the exposure time used here (1/20 second). As_ the 
current is increased, the dissipation time decreases. For this gener- 
ator the only region where a ripple occurs at the top of each half- 
cycle is between 4 and 6 mA, which poses the problem as to what is the 
peak value of kV under these conditions. Dissipation time, however, 
is much quicker since the time constant is inversely proportional to 
the tube current, if we consider we have a pure C-R system. 


Figure 8 shows further waveforms at higher tube currents, and the 
ripple continues to increase; at 10 mA it is 80 percent, at 25 mA it 
is 85 percent, at 100 mA it is 90 percent, at 200 mA it is 92 percent. 
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All these measurements were made with 15-foot cables. At 100 mA a 
normal-looking pulsating waveform is obtained, zero to peak and back 
to zero. Even at 10 mA the dissipation time is essentially neglibible 
which indicates the high-voltage cable capacitance has no effect on 
exposures for short times. 


With a three-phase system the effect of cable capacitance is even 
greater than for a single-phase system, since voltage does not pulsate 
each cycle. Figure 9 shows the result of measuring exposure, in 
mR/mAs, at a given kV and distance for a given set of high-voltage 
cables and at a variety of timer settings from 3 msec to 1 sec. The 
exposure per milliampere-second again increases as the time decreases. 
This unit was operated only as low as 25 mA, and the steady-state 
value was about 11-12 mR/mAs and increased to 35 mR/mAs for 3-msec ex- 
posures at 25 mA. Conceivably, this would be greater at even lower 
tube currents. The unit was operated only as high as 300 mA to allow 
comparison with a single-phase unit rated for 300 mA. Even at this 
value there is an increase in mR/mAs as the time decreases. In this 
case 35-foot cables were used. 


Table 1 summarizes the information from figure 9 for the extreme 
mA values. For the shorter exposure times the dissipation time is 
long compared to the exposure time. At 10 kV (10 percent of the peak) 
no exposure is contributed from outside of the x-ray tube. The rela- 
tively long dissipation time poses the problem of what, in fact, is 
the exposure time when a short exposure is set. 


Table 1. Effect of residual charge on exposure. 


Timer Tube | Dissipation time to 
setting current Exposure 10% (tail) 

(sec) (mA) (mR/mAs) msec |% timer setting 
0.003 25 | 35 23 600 
0.003 300 15 2 67 
1.0 25. | 12 23 2 


1.0 300 sj 11 2 0.2 


Table 2 shows the effect of the residual energy on beam quality as 
determined by measuring HVL at different exposure times and different 
tube currents. These HVLs are the "unique" values. At longer timer 
settings the HVL increases until a steady state is reached at 3.6 mm 
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Al, which means that the dissipation time is essentially negligible 
for longer exposures and higher tube currents. 


Table 2. Effect of residual energy on beam quality. 


| Half-value layers (mm Al) 
25 mA 100 mA 300 mA 


| 


Timer (sec) Ist 2nd lst 2nd 
| 

0.003 | 2.75 | 3.9 | 3.1 4.9 

0.03 13.1 | 4.8 | 3.45 5.5 

0.1 3.35 | 5.4 | 3.6 5.55 

1.0 | 5.55 





| 3.6 | 5.55 | 3.6 


| 


The data published in NCRP No. 33 relating HVL to kV and filtra- 
tion are based on a pulsating voltage source and cannot be _ readily 
converted to HVL measurements made at 1 mA, as in fluoroscopy, since 
full pulsation does not occur at 1 mA with single-phase equipment. 
HVL measurements should be made at the same voltage waveforms as are 
used in practice. 


VOLTAGE WAVEFORMS IN TYPICAL DIAGNOSTIC EQUIPMENT 


We find that an effective way to present information to students 
on the functioning of typical diagnostic equipment is in terms of vol- 
tage waveforms. Figure 10a is a diagram of the primary and secondary 
waveforms of a typical self-rectified center-grounded x-ray unit. At 
the bottom is a time scale which is divided into intervals of 1/20 
(half-cycles). In a self-rectified single-phase system the x-ray tube 
acts both as the x-ray source and as a rectifier so that when the 
anode is positive with respect to the cathode, the tube conducts (fig- 
ure 10b). During the next half-cycle it will block. Looking at the 
voltage waveforms with respect to ground at both the anode and the 
cathode (this corresponds to the ends of the transformer), we could 
combine these to determine the composite voltage on the x-ray tube. 
At present these systems are found only in small bedside units, but 
one feature should be mentioned - the inverse reducer or inverse sup- 
pressor. This is probably the least understood part of the circuitry 
in this simple equipment. In any high-voltage system transformer 
regulation can be a problem; this is the loss in voltage on the 
secondary of the transformer as a result of the impedance and the cur- 
rent flowing in the transformer. This regulation is normally a linear 
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SINGLE-PHASE SELF-RECTIFIED SYSTEM 


Tabulation of Rectifier (X-Ray Tube) Events 


Interval X-Ray Tube 
1 Conduct 
2 Block 
3 Conduct 
4 Block 
9 Conduct 
6 Block 


Figure 10 b, 
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function of the tube current, and if only resistance were present, it 
would be I x R; if only impedance were present, it would be I x Z. 
Increasing the current will increase the voltage losses in the high- 
voltage transformer, and as a result, the voltage across the x-ray 
tube will decrease if the primary voltage is constant. Thus, as the 
current increases during the conducting half-cycle of the voltage 
waveform, the peak voltage will decrease - this is well known - and at 
higher currents it is necessary to increase primary voltage to compen- 
sate for this. In a self-rectified type of system, however, the vol- 
tage during the useful half-cycle (as the x-ray tube is conducting) 
will decrease, but since the tube is not conducting during the inverse 
half-cycle, the peak voltage there will not decrease. 


From an electrical insulation standpoint, when you operate a 
single-phase self-rectified unit at more than 5 mA, for example, it is 
necessary to design the electrical insulation for the peak ztnverse 
voltage rather than the peak useful voltage, if something is not done 
to reduce the peak inverse voltage. This is what the inverse suppres- 
sor does. It is basically a dummy load connected in the primary to 
reduce the voltage on the high-voltage transformer primary and to re- 
duce the voltage on the secondary during the inverse half-cycle. It 
consists of a diode and a power resistor connected in parallel. Dur- 
ing the useful half-cycle the diode conducts and effectively shorts 
out the resistor; during the inverse half-cycle the diode blocks and 
the primary current must flow through the resistor so that the primary 
voltage is shared between the voltage drop across the resistor and the 
voltage on the primary of the high-voltage transformer. As a result, 
the voltage on the secondary is reduced. The value of the resistor is 
usually selected so that the peak inverse voltage does not exceed the 
useful voltage. 


The next step after the self-rectified unit is the single- 
rectifier unit, and next are the two-rectifier half-wave units. These 
units, however, are not very common, except in some radiation therapy 
equipment. The waveforms are shown in figure lla and b. In this cir- 
cuit two diodes are connected in series with the tube, and it is pos- 
sible to look at the voltage at the ends of the transformer and 
analyze briefly what these rectifiers do during each time interval 
selected. Units such as this are high-voltage-cable connected rather 
than being self-contained as most self-rectified systems are. This is 
basically a series circuit with transformer secondary, two rectifiers, 
and x-ray tube all in series. Technically, the voltage is shared be- 
tween all three of these tubes during the inverse half-cycle, and some 
unusual voltage effects can occur in these half-wave rectified systems 
- they act almost as a voltage doubler. In some installations with 
extremely long high-voltage cables the high-voltage rectifiers had to 
have 200-kV peak inverse ratings even though the useful voltage on the 
machine was only 140 kVp. 
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SINGLE-PHASE HALF-WAVE RECTIFIED SYSTEM 


Tabulation of Rectifier Events 


Interval RI R It 
} Conduct Conduct 
2 Block Block 
3 Conduct Conduct 
4 Block Block 
9 Conduct Conduct 
6 Block Block 


Figure 11 b, 


The next step is a full-wave four-rectifier system - a full-wave 
bridge, showing waveforms as illustrated in figure 12a and b. Again 
we can look at the voltage waveforms at each end of the transformer 
and at the anode and cathode and see the sequence of events in the 
series of rectifiers that are used. 


Figure 13a and b shows the voltage waveforms at the ends of each 
of the transformer legs with respect to ground for a simple three- 
phase six-rectifier system. The time intervals for this system go 
down to 1/360 second, rather than 1/120 second, and we can look at the 
voltage waveforms at the anode and cathode (these are theoretical 
values). This figure tabulates the rectifier events during successive 
time intervals and is somewhat complicated. From this you can explain 
that the rectifiers conduct different amounts during each portion of 
the cycle - they share the load. 


Figure 14 is an expanded view of the voltage to ground during 1/60 
second on a six-pulse system and then the composite anode-to-cathode 
voltage. Since the tube voltages are out of phase, the composite vol- 
tage is shown separately, and theoretically there is about a 13.4 
percent ripple at no load. 


Figure 15 shows a three-phase twelve-rectifier system - or twelve- 
pulse unit, where the theoretical ripple is about 3.4 percent. 
Figures 16 and 17 show the voltage waveforms at the ends of each of 
the transformer sections as a function of time, the resulting voltage 
waveforms at the anode (A) and cathode (C), and the voltage waveforms 
expanded over 1/60 second. 


This, to us, provides a very easy way to explain what happens in 
these circuits, from a voltage point of view, and is a method we 
recommend. 


DISCUSSION 


Wright: Your historical review brought to my mind a UNESCO exhibit on 
various forms of energy transformation that came to New Zealand in 
1958. One exhibit showed the transformation of energy to x rays and 
consisted of a gas x-ray tube, salt-water interrupter, induction coil, 
cardboard coated with something like barium platinocyanide, and one 
other thing - a sheet of instructions to the visitor to pick up _ the 
cardboard and look at the bones of their hand! New Zealand, even 
then, was highly licensed, and not only the equipment but also the 
radiologists, technicians, and physicists had to be licensed; so some- 
one thought that this exhibit should be licensed and contacted the 
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THREE-PHASE, 6-VALVE RECTIFIER SYSTEM 


Tabulation of Individual Rectifier Events 


Interval RI RII RII RIV RV R VI 
i B B c B C C 
2 C B C B C B 
3 C B B C C B 
4 C C B C B B 
5 B C B C B C 
6 B C C B B C 
7 B B C B C C 
8 C B C B C B 
9 C B B C C B 

10 C C B C B B 
1] B C B C B C 
12 B C C 8 B C 
13 B B C B C C 
14 C B C B C B 
1S C B B C C B 
16 C C B C B B 
17 B C B C B C 
18 B C C B B C 


Note: B = block, C = conduct. Conduction of rectifiers changes 
during an interval. For example, during interval 2 rectifiers RI, III 


and V are conducting. Actually, S. is less negative during the first 


3 
half of this period than S.° Therefore, RI will not conduct materially 
the first half and R III carries the load. In the second half of interval 


2, RI carries and R III is idle. 


Figure 13b 
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local radiotherapist and the Dominion X-ray Laboratory, and both of 
these got on to the physicist at Auckland (so I got it from both 
sides). I went to see it and found, erratic as it was and completely 
without protection, that it could put a Cutie Pie way off scale on its 
least sensitive range at 20 feet! This exhibit had been touring the 
Far East for three years before, and I wondered if it were an early 
attempt to achieve zero population growth. 


Q.: Why is the medical profession so quick to take up something 
without investigating its possible hazards, and what are the histori- 
cal facts about the early discoveries that damage could be caused by 
the use of x rays? 


Kelley: That is quite a difficult question. I think that the medical 
profession is very quick to look at the possible benefits from any new 
device or application and are very quick to try to use them for this 
reason. Since it takes a period of time to establish whether some- 
thing is a hazard as well as a benefit, quite often, as a result, the 
hazard does not show up until some time after the equipment has been 
used - this, of course, is equally true for drugs, or at least it was 
in the past. As far as damage is concerned, the first units, as _ the 
illustrations showed, were used right out in the open, and this was 
done until some damage was noted. It is interesting to note that 
Edison, when x rays were discovered and the possible uses were being 
looked at, tried to make a light using x rays and an intensifying 
screen or fluorescent screen. He was at that time investigating all 
types of material for use as fluorescent materials. In the course of 
trying to develop a light for home use, his assistant who was working 
on this project lost all his hair and began to develop ulcerations on 
his hands and face, so Edison decided this was not the sort of light 
he wanted to put in anyone's house, so he dropped the idea. The x-ray 
tubes that were used after the first few years were either in lead- 
glass bowls or lead-lined boxes of one type or another, and this 
developed finally into the oil-immersed type of tube housing with lead 
lining that is similar to what we are using today. The process of 
radiation protection in this country has been a pretty active one 
since the late 1920s, and there have been a number of papers published 
on the history of radiation protection .in this country and how this 
has evolved from the original recommendations by the National Advisory 
Committee and subsequent ones by the National Committee on Radiation 
Protection and the National Council on Radiation Protection. There 
has been continuous attention paid to the hazards of radiation and the 
protection of people, and the regulations and recommendations, of 
course, have been getting tighter with the passage of time as more 
people are exposed to radiation. 


Q.: What about the electrical hazards of the old high-voltage 
plumbing - how many people get killed or injured? 


Kelley: I don't have any idea. There are some reports in the litera- 
ture on the electrical hazards of the old, open overhead systems, and 
there was an editorial in Radiology in 1928 or 1929 which discussed 
these hazards, and this followed the deaths of two physicians while 
working with x-ray equipment and advised anyone working with it never 
to assume that there was no voltage on the high-voltage system at any 
time. Of course, there were many things that were humorous that 
occurred with the open high-voltage systems as well as hazardous 
things, but by and large, they were pretty much of a problem. When 
the first self-contained tube units for radiography were being 
developed, quite a bit of the advertising literature stressed the 
hazard of the open overhead systems in an attempt to sell the self- 
contained systems which, of course, were pretty limited in their power 
(the tube current and voltage) compared to the open overhead system. 
The advertising dwells on the electrical hazards. Then there was the 
story of the inexperienced technician who hung the barium can on _ the 
overhead pipes - and the radiologist said it must have cured the 
patient, because the last they saw of him streaming down the hall was 
the last they ever saw of hin! 
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DIAGNOSTIC X-RAY SPECTRA 


Edward R. Epp, Ph.v. 
Division of Physical Biology 
Sloan-Kettering Institute for Cancer Research 
New York, New York 


In this lecture an account will be given of experiments conducted 
in our laboratory at the Sloan-Kettering Institute for Cancer Research 
which were designed to determine the primary and scattered energy 
spectra of the radiation associated with diagnostic X-rays generated 
over the kilovoltage range from 40 kVp to 105 kVp, This discussion is 
based on three papers published with my colleague Herbert Weiss (1-3), 


L. Measurement of primary radiation spectra, 


1. Spectrometer related problems, 


In order to define the problem, we first consider the primary beam 
of photons emitted from a diagnostic X-ray generator, The restriction 
of our attention to the primary beam necessitates the conducting of 
experiments in "good geometry", i.e., the exclusion of scattered 
radiation, Early approaches to this problem were those of Greening (4) 
who used ionization measurements of transmitted beam intensities through 
various thicknesses of metal, With limited experimental data and 
considerable mathematical analysis it is possible to derive at least 
approximate shapes of energy spectra, The approach to be considered 
here is one which determines the spectrum experimentally, An approp- 
riate detector for a narrow beam of ae tehed photons in the diagnostic 
X-ray energy region is a sodium iodide (thalliated) crystal which can be 
incorporated into an efficient scintillation spectrometer, With a Nal 
crystal of appropriate size it is relatively easy to absorb almost the 
whole beam in the diagnostic X-ray energy region, eliminating many of 
the assumptions and corrections that would be necessary if considerable 
energy escaped out of the detector, The crystal size chosen was a 
right circular cylinder 15" in diameter and 1" in depth, With this 
Bize very little energy escape could occur through the sides since no 
photons had an energy greater than 105 keV, The thickness of the 
crystal ensured that the transmitted intensity would be less than 0.1%, 
However, there are two remaining problems associated with NaI in this 
energy regions finite energy resolution and the escape of iodine 
characteristic radiation from the surface of the crystal, 


With regard to energy resolution, an incident monoenergetic beam 
will be smeared by the crystal (due to statistical considerations) and 
also by the photomultiplier tube, The actual observed output from the 
Spectrometer will be a Gaussian function which can be readily handled 
Se ecaeernss Energy resolution R is usually defined as a percentage 
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100 AE where E is the energy, and 
C2 SE is the full width 
E at half maximun, 


From statistical considerations it may be , shown that AE (i.e, the line 
width) varies roughly as E, and so R= E™2, The percentage resolution 
will get worse as the energy gets smaller, Therefore, finite energy 
resolution is one problem associated with a total absorption spectrom— 
eter of this type, 


When a very narrow collimated beam of photons is incident on a 
Wide detector, some energy will escape from the front surface, mainly 
in the line Ex] , This iodine characteristic radiation originates 
from interactions near the crystal surface and has an appreciable 
probability of escape, Axel (5) calculated the escape probability as 
a function of incident photon energy. The binding energy for the K 
electrons of iodine is 33,2 keV. Photon energies less than this value 
cannot excite iodine characteristic K radiation, However, for 
photon energies greater than 33,2 keV, the probability of iodine K 
characteristic radiation escaping is appreciable, Thus, even if we 
have a monoenergetic beam of photons incident on the crystal, we shall 
have a response function made up of two peaks, a Gaussian shape 
corresponding to the incident energy and an “escape peak" in the form 
of another Gaussian at 28,7 keV below the main peak due to the escape 
of iodine K characteristic radiation, Thus an incoming photon which 
is not totally absorbed by the crystal will not produce a pulse-height 
in the region corresponding to its energy, The ratio between the 
areas Of the two peaks - the probability of escape - was calculated by 
Axel (5), The advantage of using the large crystal, however, is that 
the response of the spectrometer will be essentially free from the 
Compton continuum, since any Compton scattered photons will have an 
excellent chance of being absorbed in a wide, deep crystal, At higher 
energies, for example in the therapy region, this freedom is difficult 
to attain, However, in the diagnostic X-ray energy region, the 
probability can be made high that Compton scattered photons will undergo 
subsequent photoelectric interactions resulting in very little energy 
escaping from the crystal due to Compton processes, 


The scintillation spectrometer is calibrated by measuring the 
scintillator pulse-height ygpeus photon enerex for various gamma ray 
sources (27Co at 123 keV, 1°%ca at 88 keV, “20 Ph at 47.3 keV) and for 
many different types of characteristic radiation, In this way the 
response of the spectrometer to various monoenergetic or semi- 
monoenergetic sources of radiation can be defined, The response which 
is given in Figure 1 is seen to be quite linear from about 20keV to 
90keV with some non-linearity at either end of this range, Most of 
the experimental work to be described was in the linear region, 
Parabolas were fitted to the experimental points in the non-linear 
areas, A non-linear response will change the width of the channel 
Window of the spectrometer and this must be taken into account, 


Pulse height units 
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Figure }. Pulse height versus photon energy. 
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Spectrometer calibration and determination of spectrometer 
response should be made under the same geometrical conditions as those 
under which the experiment is to be performed, In our case a collin- 
ation system described below provided extremely narrow beams (diameter 
=0,003") for analysis; calibration or response determination with 
y -rays or characteristic radiations under identical geometrical 
conditions would be obviously impractical, An investigation was, 
therefore, made on the influence of size of irradiated crystal area on 
photopeak position, It was found that the diameter of this 
irradiated area could be increased up to 0,25" without influencing 
photopeak position, All calibrations and response determinations made 
during this investigation were performed using beam diameters 0,25" or 
less, 


Figure 2 shows the energy resolution of the spectrometer, measured 
with the various sources of radiation, At low energies the percentage 
resolution is quite poor, of the order of 30% at 15 keV, although the 
actual line width is small, At higher energies the resolution 
improves and for the 661 keV gamma ray from Cs!37, it is about 8%, which 
is reasonably good for a scintillation spectrometer, 


2 Experimental arrangement, 


A schematic diagram of the apparatus used to measure primary 
diagnostic X-ray spectra is shown in Figure 3, The target of the X-ray 
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Figure 3. Schematic diagram showing apparatus for measurement of 
primary spectra, 
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tube is of the order of 1 mm ximm, The primary beam will be defined 
as a column of radiation of diameter equal to the target diameter and 
which makes an angle of 90° to the electron beam axis, This definition 
is achieved by two collimators, Cj and C2, separated by a large distance 
D (in this case 84"), Thus scattered radiation from the source was 
essentially excluded since the angle at which any scattered photons can 
reach the detector through C2 is very small, This is what was referred 
to as 'good' geometry, The collimator Cj was 0,068" in diameter while 
C2 was initially 0,056" in diameter, To make measurements under 
radiographic conditions it would be necessary to use 100 mA to 200 mA 
currents in short pulses which would provide some substantial technical 
difficulties, The aim of the experiment was to measure the primary 
energy spectra under fluoroscopic conditions using a tube current of the 
order of 3 mA, This implies a voltage waveform that is essentially DC 
With a slight ripple, Even under these conditions the full 3 mA 
current would result in an excessively high number of photons /second 
impinging on the detector, so it was essential to reduce the intensity 
of the beam at the detector still further without perturbing the shape 
of the spectrum in any way, One method that might be considered would 
be to reduce the tube current by several orders of magnitude, This is 
unacceptable since it would result in a change of the voltage waveform 
and hence the spectrun, Another method that could be employed would 
be to increase greatly the distance D - but this is a practical 
impossibility in a reasonably sized laboratory, A third possibility 
would be to reduce the size of C2 and this was the course that was 
followed, It is necessary to prove that reducing the diameter of C2 
does not alter the shape of the spectrum in any way, By calculation it 
was determined that the collimator diameter would need to be extremely 
small to achieve the desired intensity reduction - about 4 orders of 
magnitude, To test the feasibility of this the tube current was 
temporarily reduced by 104 from 3 mA to 0,3y.A, This, of course, 
altered the spectrum from the original shape but gave a spectrum that 
could be examined with different sized collimators at reasonable 
counting rates, If the different size collimators did not perturb this 
Spectrum, then it would not be expected that they would cause any change 
in the shape of the photon energy spectrum at full tube current, 


Figure 4 shows the raw pulse height spectra observed with the 
reduced tube current for two different sized collimators C2, The open 
circles show the results for Co = 0,056" and the solid circles for 
C2 = 0,016", The data show that when the system is very carefully 
aligned (using pin-hole radiography and plumb-bob techniques), 
reduction of collimator size by a factor of 4 does not perturb the 
Spectrum in any way, It is very difficult to continue this experiment 
using smaller drilled holes since, however these holes are made 
(drilling or a casting method), the edges of a lead hole less than 0,010" 
will tend to be rough and result in preferential filtering of the low 
energy components of the beam, Such filtering will alter the spectrun, 
An adjustable collimator was devised and is shown as an insert in Figure 
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3. This collimator consister of two very smoothly milled V-shaped 
grooves which could be moved by micrometer screws to make an effective 
hole diameter as small as 0,001" which was more than adequate, The 
spectrum using this collimator was then compared to the spectrum 
previously obtained with the 0,016" hole, In Figure 5 is shown the raw 
pulse height spectrum observed at 105 kVp and at reduced tube current 
for different collimator sizes, The black dots show the earlier results 
for 0,016" while the open large circles are for a 0,003" collimator size, 
The results are indistinguishable from each other and from another 
subsequent run with the collimator C2 using a 0,016" diameter hole, 
Thus, under conditions of accurate alignment, it is possible to reduce 
the collimator size to 0,003" without changing the shape of the test 
spectrum in any way, Another requirement of the system is that it can 
be completely disassembled, reassembled and realigned and provide the 
same measured spectrum within statistical uncertainty, This was done 
many times and it was found that spectral measurements could be repro- 
duced within the statistical uncertainty, The conclusions drawn from 
these preliminary experiments were that it is possible to use a 
collimator with a very small aperture, run the X-ray tube at normal 
fluoroscopic conditions (3 mA) and obtain the undistorted spectrum 
provided that the precautions described above are taken, 


In experiments of this type it is convenient to be able to run at 
fairly high counting rates, Figure 6 shows the effect of varying the 
counting rate from 100,000 cpm to 500,000 cpm on the shape of the 
spectrum, This change was obtained by changing the diameter of C2 
from 0,025" to 0,055", a change in diameter which in itself would cause 
no spectral change as has previously been discussed, Thus counting 
rates as high as 500,000 cpm could be tolerated without causing any 
change in spectral shape, This intensity check also confirms that no 
pulse pile-up effects are occurring in the electronic circuitry, 


The NaI crystal was optically coupled to a photomultiplier tube 
which was surrounded by a 2" lead shield which was more than adequate 
to reduce background to below measurable values, A pre-amplifier and 
a well-designed cathode follower fed the output from the photomultiplier 
to a linear amplifier, pulse-height analyzer and readout system, The 
high voltage power supply for the photomultiplier was stable to 0,01%, 
The entire electronics system was checked with an accurate mercury 
pulser to ensure that it responded linearly, 


Hettinger and Starfelt (6) suggested that the iodine characteristic 
X-ray escape problem could be solved if the incident beam of photons was 
directed into a small well in a NaI crystal, Using a crystal 14" in 
diameter and 1" thick they drilled a hole 3 mm in diameter and 5 mm deep, 
If a narrow collimated beam is aligned into this hole then the iodine K 
X-rays produced at the bottom of it would presumably interact with the 
Sides of the well and the escape fraction problem would be greatly 
reduced, Their results for tungsten characteristic radiation (59,3 keV) 
apparently confirmed this idea, so it appeared to be a technique to try 
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to adopt in this work, 


Figure 7 shows the iodine escape fraction as calculated by Axel (5) 
for the case of a narrow photon beam incident. on a flat surface, 


There is a threshold at the K edge, 33.2 keV (the binding energy of the 
K electron for iodine) at which the escape fraction increases to a 


value of about 22%, The fraction then decreases at higher energies 
simply because the incident photons are penetrating deeper into the 
crystal resulting in a reduction of the probability of iodine X-ray 
escape, If the Hettinger and Starfelt proposal is valid, the escape 
problem and the need for correction for the effect might be completely 
eliminated, leaving only the correction for the energy resolution, 


In Figure 8 are results of experiments (3) comparing the pulsee 


height responses with the tungsten characteristic radiation beam 
incident in the well (B) to the beam incident on the flat surface (A), 
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Figure 8. Fulse-height response of laI(T1) well crystal to 
tungsten characteristic radiation (Ex = 59,3 kev), 


(Incidentally, the shape of A is the same as that obtained with a flat 
crystal with the beam centered), The escape peak is clearly seen at 
28.7 keV below the main peak (A), The effect of centering the beam in 
the hole was to reduce appreciably the number of iodine K X-rays which 
escaped, However, the appearance of a tail on the low energy side of 
the main photopeak was observed, The appearance of this tail was a 
reproducible effect and initially it was suspected that it may have 
been associated with an artefact of the particular crystal, However, 
on close inspection of the published data of Hettinger and Starfelt (6), 
it appeared that there was evidence in their results also of the 
existence of this low energy tail. Further investigation therefore 
Seemed required, 


When the crystal was exposed to cerium characteristic radiation 
(Bed = 34,9 keV) the pulse-height responses shown in Figure 9 were 
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obtained, For cerium K radiation the escape effect should be close to 
a maximum since the energy of this characteristic radiation is just 
greater than the binding energy for the K electron, The use of the 
well reduced this peak significantly but again a low energy tail 
appeared larger than for tungsten characteristic radiation, The next 
test was to use energies of characteristic radiation below the K 
binding energy, The characteristic radiation of barium (32,3 kev) 
yields the results in Figure 10, A comparison is also shown of the K 
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characteristic radiation (xa; = 34.9 kev). 


Figure 9, Figure 10, 


characteristic radiations for cerium and for barium, The tail effect 
is still evident, but a reversal appears: the lower energy barium peak 
shows less low energy tail than the higher energy cerium peak, Other 
still lower energy characteristic radiations were used, giving the 
results shown in Figure 11, With iodine (28.7 keV) the tail is 
present, as it is for cadmium and molybdenum (17.5 keV) while at 
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bromine (12,0 keV) some kind of composite peak is occurring which 
seemed to be a tail effect swamping the main peak to result in a total 
distortion, To make sure that the beams were, in fact, confined to the 
Well, the beam diameter was reduced from 1 mm to 0,5 mm as is shown by 
the solid dots, The tail effect is seen to be enhanced slightly with 
the narrower bean, 


In Figure 12 are shown the responses for the same radiations on the 
flat surface of a crystal, The Gaussian-like profiles shown are what 
would have been expected with the well exposed to these radiations, 
since they are not energetic enough to excite the iodine K X-rays, With 
the flat crystal the bromine peak has a Gaussian shape and it is now 
Peaking in channel 16, where it belongs, instead of in channel 9 as in 
Figure 11, Apparently something is associated with the well which 
distorts the spectrum, making the use of the technique unmanageable, 

In order to examine this still further, collimated beams of bromine and 
molybdenum K characteristic radiation were used on the flat surface to 
the side of the well, It was previously found (Figure 8) that when a 
collimated beam of tungsten characteristic radiation irradiated a flat 
portion of the crystal 3/8" from the crystal center, the pulse-height 
response agreed with that obtained for a flat crystal of the same 
dimensions containing no well and irradiated at its center, At the 
lower energies this is no longer the case, In Figure 13 the bromine 
curve peaks at the correct channel but there is still a low energy tail 
distortion, We assume that what is happening is that there are light 
losses associated with the well itself, The NaI crystal has a 4/1000" 
beryllium cover over it and there is some ultra-thin aluminum reflecting 
foil beneath it, but the well itself has no reflective coating, 
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Presumably photons that set electrons in motion which in turn create 
light in the vicinity of the well lead to a light loss since this 

light is trapped in the well and does not stay in the crystal, Asa 
result, the pulse-height from such interactions appear in a lower 
channel in the pulse-height analyzer. Such a phenomenon would be 
energy dependent and this would explain the reversal that was observed 
between cerium and barium, and also why a smaller beam enhanced the 
effect since under those circumstances more light would be created near 
the well, 


A rather crude 2/1000" aluminum liner was placed in the well to 
attempt to reflect this light before it entered the well and become 
trapped, The liner was thicker than ideal and would be a substantial 
absorber for the iodine K X-rays, but it could be used to test out the 
explanation of light trapping, The results are shown in Figure 14, 

It is seen that the bromine K-characteristic radiation peak is now 
resolved and appears at the correct location, There is still some low 
energy distortion, but that probably was due to the imperfectly fitting 
liner, Certainly it appears that using a well crystal results in light 
losses that are unacceptable, For the measurements of diagnostic X-ray 
spectra the idea of using a well was abandoned and instead the necessity 
of making corrections for the iodine escape was accepted, 


With a narrow beam of primary diagnostic X-rays incident on a flat 
sodium iodine crystal, we now consider how to correct the response for 
the escape of iodine K X-rays and for energy resolution, We assume 
that the spectrometer window is set at energy E and has a width AE, and 
that we are dealing with an unknown spectrum I (g,), At a particular 
energy Ky with a width OH, the contribution at the setting E due to 
the spread of the line of height I (Eye) and of width GSE, will be 


I (Bx) (I1-F (8Q)) G (, Bac) AB 
where F (Ev) is the fraction of the incident fluence escaping as iodine 


K X-rays, and G (E, E,.) is the Gaussian spread, The contribution from 
the associated escape peak will be 


I (Ey) F (Ey) G (2, EY - E.). 


The total contribution to the influence observed at energy E with a 
channel width AE is 


E 
I" (g) - STee| f =F G (E, E)) +P (B,) e(g, Re - Bal 
xd Hy, 


I' (E) is the spectrum observed by the spectrometer at any energy value 
E and is given by the integral over all values of the unknown spectrun, 
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The multiplicative terms are those which distort the response, The 
Gaussian function itself is given by: 


2 
—} In 2 (Re -£E 


2 In 2 exp 
GB, Re) = TGR) r } OW (E, f 


where W is a measure of the full width at half maximum of a given peak 
which can be obtained from the energy resolution data, The Gaussian is 
an exponential with a squared energy difference term in the exponent 
with the usual constants involved in a normalized Gaussian function of 
this sort, This can be handled readily by matrix algebra, and is 
transformed as follows: 


m where RA x is a response 
I%g => Ro, Iy function and I« is the 
of =1 fp unknown spectrum, 


This transforms the measured spectrum and actual or true spectrum in 
terms of the e{'s and /3's, The response function is given by 


Rae = 4 (1 -FQ) Goat Fa nee - OF ,e where e is 


the bin width, 

We can generate a matrix for R px, Provided that the energy resolution 
of the system stays constant, since we know the escape fraction for 
iodine K X-rays, What we would like to do is to be able to invert 
_ —s 1a i,e, solve for Ice and get the sum over 9 of 

Apparently this is impossible to do successfully, mainly 
tls use ae the inverse of a square matrix of this order is taken one 
is essentially involved with the transpose and with dividing by the 
determinant, The determinant turns out to be very small and close to 
zero, so that the result is a huge number and any small errors in 
experimental data are greatly magnified, leading to wildly oscillatory 
data which are simply not useful, If the correction to be made was for 
escape only the problem of matrix inversion could be readily solved, but 
when a Gaussian is involved, it is not possible to invert the matrix 
successfully, An alternative approach is to adopt an iterative process, 
The unknown spectrum Ic will be smeared mathematically since we know 
the response function well - and this will result in the measured 
spectrum lh, where I'a is some sort of approximation of I. 


- =, oe 


Now if we use the measured spectrum I'yz as a first ee ee and 
mathematically smear that, we shall obtain something worse, (IV 4 


)4 -> Rigg Toe. 
(1%, of m=] (R02 
If we reason that (I' )1 has been smeared relative to (I%&) in 
approximately the same way that (T'p) must have been smeared relative 
to the unknown I, , then we can t the difference between the spectra 


66 


10, 000 - - 






First iteration 


5, 000 


10, 000 





Second iteration 


: 


Relative photon fluence 


10, 000 





Third iteration 


2 ru 6 & 
Photon energy (kev) 


Illustration of the iterative method for correction of spectral distortion due 
to finite energy resolution and iodine K x-ray escape. Lower figure shows an 
assumed true spectrum I, and the spectrum I,!, the distorted version of I, 
as observed on the output of the spectrometer. Using I,! as a first approxi- 
mation to I,, the top figure shows the result of the first iteration, I,!!, com- 
pared with I,. Similarly, the middle figure compares the result of the second 
iteration, I,!11, with I,, and the lower figure compares the result of the third 
iteration, I,'111, with I,. 


Figure 15 
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and so obtain a new and better estimate of our unknown, This estimate we 
shall call (1%), and this can now be used in place of the original estimate 
and the whole process repeated, This technique works because mathematically 
the series is convergent, and after a few iterations we will have an 
estimate of the spectrum which is as close as we wish to the original un- 
known spectrum, Figure 15 illustrates the method, The assumed true 
Spectrum is Ie, and the forward matrix smears this to I'%g as shown in the 
lower diagram, This is what would be recorded by the Ga eo ee The 
enery that appears at low values is approximately 28 keV below the peak 

of 34 keV and shows the distortion introduced by the spectrometer, 

Radiation of such a low energy simply does not emerge from the X-ray tube, 
If we start with I% and go through the iterative process once we will get 
I: * (upper diasgrah) which is close to Ig, In particular the low energy 
dna has been cleaned up considerably, The second iteration gives I},'' 
(middle diagram) and the third gives I''', which is essentially indisting- 
uishable from I,, over the whole energy range, This was the method 
employed to get rid, rapidly and effectively, of the distortion due to 
energy resolution and iodine X-ray escape, 


3; Results, 


Figure 16 shows the relative photon fluence in photons/cm@- keV as a 
function of photon energy for a spectrum associated with 45 kVp, In this 
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Figure 16. Relative photon fluence per unit energy interval versus 
photon energy. Kilovoltages 45 kvp; added 
filtration: 1 mm of aluminun, 
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example there will be relatively little iodine K X-ray escape, since this 
can only occur with those photons above 33,2 keV, but the escape factor 
does provide some distortion, Nevertheless, in this energy region the 
difference between the measured and the true spectra is not very great, 
The areas under the curves are the same, Similar measurements were made 
for different filtrations (the inherent filtration was 0,5 mm Al); this 
particular example was for 1 mm Al added filtration, The spectra 
measured for the various filtrations agreed well with comparisons betwe?n 
them through calculation using aluminum absorption coefficients, 


The next example shown in Figure 17 is for 55 kVp, It should be 
mentioned that it is not safe to rely on the panel meter readings for the 
kVp, so a sphere gap calibration of the panel meter was made, The 
Spectrum of the primary beam, measured for an added filtration of 1 mn Al, 
is expressed in terms of the relative photon flux per energy interval as a 
function of photon energy. The normalizing factor NF is the number by 


Which the values should be multiplied by to produce, in air, an exposure 
of 10 Roentgens, 


Figure 18 shows the spectra obtained at 80 kVp, It can be seen that 


the distortion is getting larger as the photon energy increases due to the 
escape of the iodine characteristic radiation, Around this kilovoltage 


region, and above, another complication enters the picture since 
characteristic radiation from the target starts to become important, 


The spectrum for 110 kVp, 2 mm Al added filtration and a tube current 
of 3 mA is shown in Figure 19, The raw spectrum has been corrected to an 
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Figure 19. Illustration of the procedure for stripping characteristic radiation. 
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energy scale by the relationship between pulse-height ana photon energy. 
None of the corrections for escape or resolution have yet been applied and 
the bump due to tungsten characteristic radiation at 59,3 keV is clearly 
evident, To correct this spectrum it is necessary to strip off this 
characteristic radiation which is essentially a discontinuity or super- 
position on the continuous spectrum, The energies of tungsten EK, and 
Ex,3 are known; the ratio between the relative amounts is about 3:1, Thus 
the spectrometer response to this radiation (including the associated 
escape peak) could be calculated and is shown as curve B, From curve A 
it is possible to subtract curve B, weighted appropriately to get a smooth 
curve (c) If the amount subtracted is not correct the resultant curve 
would have a bump or a dip, The result must therefore be fairly close 
to what the continuum alone would look like before correction for energy 
resolution and escape, Later the characteristic radiation itself can 

be treated separately, 


Figure 20 shows the relative photon flux versus photon energy for a 
tube voltage of 90 kVp. The measured spectrum has a small amount of 
characteristic radiation subtracted from it around 60 keV for the Ke 
radiation and around 68 keV for the Ke radiation, The total character- 
istic radiation in this case amounts to only 1,4% of the total spectrum, 


In Figure 21 we see the situation for 98 kVp, with the measured 
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togire 21. Relative photon fluence per unit ener;-y interval versus 
photon energy. hilovoltae:s S96 kvp3 added 
filtration: 2 mm of aluminun, 


spectrum dashed, the stripped spectrum (i.e, characteristic radiation 
removed) shown dotted, and the true spectrum (shown by the solid curve) 
obtained after using the iterative process, 


In Figure 22 is shown a similar presentation for 105 kVp and with 
2mm Al added filtration, In this case the characteristic radiation is 
about 7,5% of the total spectrum, A tabular summary of the results is 
given in Table 1 for 45 and 55 kVp with 1 mm Al of added filtration and 


for 65 to 105 kVp with 2 mm Al of added filtration, At the higher 
energies the distortion introduced by the tungsten characteristic 


Table 1. Relative Photon Fluenece Per Unit Energy Interval (Photons 
Omer 
cm?-kev) versus Photon Energy (kev). 











Photon Added Filtration Added Filtration 

Energy 1 mm Al 2mm Al 

(kev) 45 kvp Sd5kvp |] Gikvp 7Wkvp SOkvp 90kvp OSkvp 105 kvp 
10 0 70 0 0 0 0 0 0 
12 320 230 0 0 0 0 0 0 
14 1320 870 80 0 100 30 120 V 
16 3710 2500 480 490 460 360 440 260 


18 6170 4950 1790 1390 1170 1050 1100 900 
20 8170 6980 3350 3150 2370 2410 2160 2030 
22 9920 8980 5630 5030 3950 4070 3850 3390 
24 10500 10060 7450 7050 5860 5660 5540 5450 
26 10350 10630 9180 8900 7820 7D90 7560 7000 
28 9250 10350 | 10590 10200 9550 9240 9000 8300 
30 7690 9350 | 11030 10750 10260 = 10400 9760 9380 
32 5670 8000 | 10390 10500 10340 = 10280 9830 9650 
34 3880 6330 8910 9600 9700 9910 9750 9720 
36 2630 5110 7720 8980 9250 9560 9640 9750 
38 1630 4330 7000 8540 9080 9350 9500 9740 


40 870 3650 6500 8100 8870 9110 9350 9700 
42 290 2900 0890 7500 8560 8990 9180 9610 
44 0 2160 5160 6780 8110 8810 8990 9560 
46 1490 4410 6070 7570 8540 8780 9440 
48 900 3610 5300 7000 8120 8550 9300 
50 480 2820 4570 6390 7620 8220 9100 
52 250 2140 3920 5760 7140 7860 8760 
54 110 1600 3300 5190 6600 7460 8350 
56 0 1100 2640 4600 6030 6910 7920 
58 650 2140 4020 5460 6390 7430 
60 370 1640 3500 6770 12120 20540 
62 150 1210 2930 4300 5220 6410 
64 0 850 2420 3620 4580 5930 
66 500 1890 3070 4030 5400 
68 240 1360 3100 5580 9470 
70 0 950 1970 2910 4460 
712 640 1510 2470 3980 
74 390 1150 2060 3600 
76 220 870 1710 3160 
78 110 640 1420 2810 
80 0 470 1150 2490 
82 340 910 2150 
84 220 700 1850 
86 110 530 1570 
88 0 380 1330 
90 260 1050 
92 150 800 
94 100 560 
96 20 370 
98 0 210 
100 60 


102 0 
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Fig, 22.Relative photon fluence per unit energy interval versus photon energy. 
Kilovoltage: 105 kvp, added filtration: 2 mm of aluminium. 


radiation is seen at 60 keV and at 68 keV, 


Table 2 lists the normalizing factors by which the spectra have to 
be multiplied to get the photon fluence to deliver 10 Rin air, The 


Table 2. Normalizing Factor to Determine Photon Fluence Required to 
Deliver 10R in Air. 


Peak Kilovoltage | Normalizing Factor 
(kvp) 


45 4-43 x 10° 
55 4:44 x 10° 
65 5:39 x 10° 


70 5:10 x 105 
80 5-00 x 105 
90 4-68 x 105 
98 4°42 x 105 
105 4-11 x 105 





photon fluence distribution can be changed into an exposure distribution 
using a formula involving the energy absorption coefficient for air to give 
mR/keV versus keV, This spectrum can be normalized to a particular 
exposure, say 1 or 10 R, For various added filtrations the mean energy 
of the beam has been computed from the following expression: 
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E = feo ": E(E)dE 
Ne 


HVLs have also been calculated by applying aluminum absorption coefficients 
to known spectra, measuring the area under the curves and constructing a 
plot to determine what the HVL would have been, As a check, using an 
energy independent ionization chamber (7) in good geometry, HVLs have been 
measured, and the results of both the calculations and the measurements 

are shown in Table 3, The agreement is quite good although there may be 


Table 3. Mean Energy and Half-Value-Layer for Diagnostic X-rays. 


Peak Kilovoltage | Added filtration | Mean Energy (Z)| (HVL), | (HVL); 


(kvp) (mm Al) (kev) (mm Al) | (mm Al) 
45 l 25-5 0-9 1-0 
55 1 29-1 1-1 1-3 
65 2 34-2 1:8 1-9 
70 2 37-1 2-1 2-2 
80 2 40-6 2:4 2:5 
90 2 43-4 2:7 2:9 
98 2 46:1 3-0 3-2 
105 2 49-3 3°5 3:4 


a small systematic error since, with one exception, the measurements are 
all. a little larger than the calculated values, The net result has been 
to determine the primary spectrum to an acceptable accuracy over a range 
of diagnostic X-ray energies, 


II, Measurement of scattered radiation spectra, 


1s Experimental arrangement, 


We shal] now discuss the problem of scattered radiation with a medium 
exposed to a beam of diagnostic X-rays, The primary spectrum of photons 
incident on a medium will become significantly altered as the beam interacts 
with the mediun, In Figure 23 is shown apparatus to determine the energy 
Spectrum at a point P in a medium at a depth a, for an irradiated area A 
for incident diagnostic X-ray beams of various energies, Water was used 
as the medium since it is eee and fairly close to tissue 
equivalence, Reaching point F will be primary photons that are not 
attenuated, plus a scattered component that reaches P from many different 
effective sources in the mediun, To simplif; the problem somewhat it will 
be assumed that we have conditions of cylindrical symmetry, Under these 
conditions a probe can be inserted in the medium and photons 'piped out' 
through a given angle 0, leasurements are not necessary over angle J 
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TSD = 53cm 
Circular irradiated area A 


_— Cylindrical tank 





Collimator 


Detector shield 
Nal (TI) crystal 


Preamp 


High voltage 


Linear amplifier 


Multi-channel 
pulse height 
analyzer Plotter 


Fisure 23. Apveratus for measurement of scattered radiation svectra 
in water irradiated with diarnostic x-rays, 


because of the cylindrical symmetry including the use of a uniform 


incident bean, A collimated bean from e diagnostic X-ray tube operated 
under fluoroscopic conditions at 3 mA irradiates a cylinder of water at a 
fixed target-to-surface distance of 53 cm - corresponding closely to 
actual fluoroscopic conditions, Ata depth d we have a narrow lead-out 
pipe set at angle @ which brings photons into the spectrometer, The Nal 
crystal, phototube, and electronics are the sane as those used for the 
primary measurements, To define the scattered radiation bean a 
collinator is placed between the lead-out pipe and the crystal, The 
particular collimator used consisted of two 70/1000" diameter holes 
drilled in lesd collimators each 3/16" thick and separated by a distance 
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8-xlo® 70 kvp X-rays 
HVL 2.2mm Al, 
7 : d=2cm, A=500 cm2 


Spectral fluence (photons /cm?-kev- R) 
h 


oO 


lo 20 30 40 50 60 70 80 
Photon energy (kev) 


Figure 26. Spectral fluence versus photon energy (70 kVp; 
HVL =. 2.2 mm Al; depth = 2 cm; area = 500 cm2). 
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2, Results. 


Figure 25 shows plots of photons /em2 - keV/unit angular interval as 
a function of scattering angle for various photon energies, Hach curve 
is obtained by making spectral measurements at various ar settings 
and then taking the values for a fixed energy (say 30 keV) and multiplying 
them by sin 0, Angular dependence is eliminated by integrating under 
the area of the curve and by repeating the process for various other 
photon energies to get the total spectrum of scattered photons passing 
through a point irrespective of angle for a particular incident bean, 
irradiation area and depth, Figure 26 shows spectra at a depth of 2 cm 
for 70 kVp X-reys of HVL 2,2 mm Al incident on an area of 500 cm¢,_ S is 
the scattered spectrum measured as just described and corrected for 
Spectrometer distortion; F is the primary spectrum; and T is the total of 
the primary and scattered components, The relative contributions of 5 
and F to T can be obtained quite easily from depth dose considerations, 
since the depth dose for ‘zero area' is, of course, the primary component, 
Normalization has been made so that the total spectral fluence of photons 
produces an exposure of one roentgen in water at a depth of 2 cn, 
Another example is shown in Figure 27 at a depth of 6 cm for 90 kVp X-rays 
of HVL 2,9 mm Al incident on an area of 100 cm@, Now characteristic 


radiation from the target begins to become important and has to be taken 
into account, 


7-x 10° 


Spectral fluence (photons /cm*-kev-R) 





O 10 20 30 40 50 3660 70 80 90 
Photon energy (kev) 


Figure 27: Spectral fluence of primary, scattered, and total 
photons in water irradiated with diagnostic x-rays; 
90 kvp, KVL 2.9 mm Al, d = 6 cm, A = 10C cn, 
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TABLE 4, 


70 kup HVL2.2 mm Al 
xX 10° photons/cm? — kev 


Number fluence a Be a 
X 108 photons/cm kev for 1 Rin water atd = 2cm for 1 R water atd = 10cm 











Area (em?):....... 0 0 0 

Energy (kev) P S T P S T P S T 
12 
14 0 0 0 0 0 0 
16 2 0 2 2 0 2 
18 11 G6 17 9 10 19 0 0 0 
20 38 25 63 33 38 71 0 6 6 
22 81 70 151 70 85 155 3 26 29 
24 137 141 278 118 153 271 9 76 85 
26 198 224 422 173 249 422 23 201 224 
28 254 312 566 221 349 570 46 358 404 
30 286 382 668 248 432 680 67 573 640 
32 296 418 714 257 443 700 94 718 812 
34 292 384 676 255 424 679 110 750 860 
36 285 347 632 247 390 637 126 699 825 
40 267 285 552 232 317 549 148 605 753 
44 232 218 450 201 240 441 150 491 G41 
48 186 148 334 162 167 329 135 366 501 
52 141 90 231 123 100 223 111 239 350 
56 97 48 145 84 53 137 82 132 214 
60 61 22 83 53 27 80 54 69 123 
64 32 9 4] 28 12 40 30 32 62 
68 9 ] 10 8 2 10 9 12 21 
74 0 0 0 0 0 0 0 0 0 

Number fluence 70 kvp HVL 2.2 mm Al 
X 10% photons/cm? — kev for 1 Rin water atd = 6cm 

Area (cm*):...... 0 50 0 100 0 500 

Energy (kev) P S T P S T P S re 
12 
14 
16 0 0 0 0 0 0 
18 ] 0 ] 1 0 1 0 0 0 
20 3 9 14 5 10 15 3 6 9 
22 19 45 64 18 47 65 13 62 75 
24 48 92 140 44 123 167 33 136 169 
26 93 237 330 86 245 331 63 250 313 
28 147 396 543 137 391 528 100 433 533 
30 190 405 655 176 489) G65 129 561 690 
32 219 484 703 201 521 722 148 608 756 
34 241 475 716 223 512 735 164 586 750 
36 258 459 717 241 485 726 177 559 736 
40 272 411 683 252 423 G75 186 491 G77 
44 254 336 590 236 345 581 174 401 575 
48 216 245 46] 200 249 449 147 281 428 
52 171 154 325 158 148 306 116 175 291 
56 122 101 223 112 &5 197 83 93 176 
60 79 48 127 73 42 115 53 50 103 
64 42 19 G1 39 15 54 29 18 47 
68 12 4 16 11 0) 11 8 2 10 
74 0 0 0 0 () 0) 0 0 0 
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In Figure 28 the forward and backward scattered components are shown, 
By integrating under curves in Figure 25 from 0° to 90° one can obtain 
the forward scattered component, Integration from 90° to 180° gives 
the back scattered component, Table 4 shows an example of how the data 
appears in a tabular form, Table 5 summarizes the data and gives some 
appreciation of what is going on, Although HVL has no real meaning for 


TABLE 5 


EFFECTIVE HAaLF-VALUE LAYER? 





d=2cm d = 6cm d= 10cm 
50 cm? 100 cm? 500 cm? = 50 cm? 100 cm? 500 cm? = =50 cm® 100 cm? 500 cm? 








70kvp, HVL 2.2 mm Al 
Pp. 


2.8 2.8 3.7 3.7 3.7 4.3 
S 2.6 2.5 3.1 3.1 3.0 3.3 
T 2.6 2.6 3.3 3.2 3.2 3.5 
90 kvp, HVL2.9 mm Al 
P 3.6 3.6 3.6 48 4.8 4.8 5.6 5.6 5.6 
S 3.1 3.1 3.1 3.8 3.7 3.7 4.2 4.1 3.9 
T 3.4 3.4 3.4 4.1 4.0 3.9 4.5 4.4 4.2 
105 kvp, HVL3.4 mm 
Al 
P 46 4.6 4.6 6.0 6.0 6.0 7.1 Ck 7.1 
S 3.9 3.9 3.9 4.4 44 4.4 5.0 4.9 4.9 
T 4.2 4.2 4.2 49 49 4.9 5.6 5.4 5.2 





°@ Millimeters of aluminum. 


a scattered spectral distribution of radiation it is useful to compute 
the effective HVL such a beam would have by computation using absorption 
coefficients, It can be seen that the primary component hardens rapidly 
with depth, as would be expected, due to preferential absorption of the 
lower energy photons through the photoelectric effect, By definition 
the primary component has no area dependence, The scattered component 
hardens quite rapidly with depth and is harder than the incident bean, 
probably due to the influence of singly scattered photons arising from 
the primary beam which becomes increasingly hard with depth, The 
scattered component has a relatively small area dependence at the small 
depths (2-6 cm), but at greater depths some softening of the beam is 
apparent as the area increases, This is due to increasing contributions 
from multiple scattered radiation, 
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III, Applications of diagnostic X-ray spectra, 
1, Introduction, 


We shall now consider various applications of diagnostic X-ray spectra, 
If the totel energy spectrum inside a medium is known, it is possible to 
calculate electron energy distributions that result, These are important 
particularly for the examination of certain boundary effects at interfaces 
between different tissues, Another application of importance in radio- 
biology is the ability to calculate LET distributions from the initial 
electron distributions set into motion by the photons that form the 
Spectrum, A third application of these data is in the design of radiation 
measuring instruments in the diagnostic X-ray region, 


2 Bone-tissue interface problems, 


One factor of concern, when we irradiate patients with diagnostic 
X-rays, is the exposure to reproductive areas; another is the possible 
somatic hazard resulting from the energy absorption by the bone marrow, 

In this latter case an interface problem exists between the bone and the 
marrow, Since the photon energy is low, photoelectric interaction cross 
Sections in bone are high, and when the low energy photons impinge on 
bone photoelectrons will be produced in large numbers, Thus the presence 
of bone can result in a large contribution of photoelectrons from the bone 
crossing the interface and depositing their energy in the marrow, Spiers 
(8) first addressed himself to this problem and came up with a simple 
expression for the dose at a point P (Figure 29) in the adjacent soft 





SEMI-INFINITE BONE, SOFT TISSUE PLANE INTERFACE 


Figure 2¢: semi-infinite bone, soft-tissue plane interface, 


85 


tissue due to bone electrons, i.e, electrons arising from photon inter- 
action with bone, This expression was 


Dp 52 (=) ergs/cn3/r (1) 


where Np = number of electrons of initial energy E, (ergs) arising in 
bone per cubic centimeter per roentgen, 
@ = ratio of stopping power of bone to that of soft tissue, 
Rp = effective range in soft tissue of an electron of energy 
Ep, taken as 70% of the rectified range, 


Ge) - eel Ce) - 


and the summation is over all secondary electron energies produced 
in bone by the photon spectrun, 


Utilization of this expression requires a detailed knowledge of the 
photon spectrum, The measurements described above were in water, not 
bone, However, it is possible to make corrections to allow for this, 
since experimental measurements in bone would be a difficult problen, 


Figure 30 illustrates the type of problem with two bone surfaces 
sandwiching a layer of soft tissue, This is an idealized situation with 


i 
* SOFT Tissue ° 





SOFT TISSUE LAYER BETWEEN TWO SEMI-INFINITE 
THICKNESSES OF BONE 


Figure 30: Soft-tissue layer between two Semi-infinite thickness 
of bone, 


semi-infinite bone layers, There are four separate contributors to the 
dose at point F, There will be photoelectrons and some Compton electrons 
from the bone itself, and also there will be some build-up of electrons 
from both the tissue layers on either side of P(12), 


Figure 31 shows the results of some calculations that were made for 
250 kV X-rays, Curve I is the contribution from electrons arising in 
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ENERGY ABSORPTION IN SOFT TISSUE ADJACENT TO PLANE 
BONE SURFACE FOR 250 KV-CONST. POT. X-RAYS HVL. 2.0mm Cu 


CURVE I CONTRIBUTION FROM ELECTRONS ARISING IN BONE (FIG. 1) 

CURVE ID CONTRIBUTION FROM ELECTRONS ARISING IN SOFT TISSUE (FIG. | 
MARROW) 

60 CURVE II CONTRIBUTION FROM ELECTRONS ARISING IN TISSUE LAYER | AND 

BONE LAYER! (FIG.3, O#50y) 
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ENERGY ABSORPTION IN ERGS/cm>/r 
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Figure 31: Energy absorption in soft tissue adjacent to plane 
bone surface for 250-kv constant-potential x-rays 
(HVL 2,0 mm Cu), 


AVERAGE ENERGY ABSORPTION IN SOFT TISSUE, (MARROW) 
BETWEEN VARIOUS THICKNESSES OF BONE 
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Figure 32: Average energy absorption in soft tissue (marrow) 
between various thicknesses of bone, 
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bone; curve II is the contribution from electrons arising in soft tissue; 
and curve III is the curve that would apply for a finite rather than a 
semi-infinite bone layer, This gives energy absorption in ergs/cm>/R 

as a function of distance from the bone surface in microns, When the 
average energy absorption in soft tissue is considered all four 
contributions must be added as is seen in Figure 32. At short distances 
from a bone-marrow interface irradiated with 250 kV X-rays the photo- 
electrons crossing the interface produce a high energy absorption in the 
marrow which diminishes as the distance mae s This is to be 
compared to what will happen with, for example, “~Co gamma rays, At 
these energies the photoelectric cross-section is much lower so relatively 
flat contributions ere received over the region near the interface, 
Extrapolating from these results at 250 kV down to the diagnostic X-ray 
energy region, the photoelectric cross-section would be much higher, but 
the range of the electrons would be less, Thus the effect on a marrow 
cavity would be greatly dependent upon the dimensions, This, then, is 
an example of the application of the use of diasnostic X-ray spectra to 
a very real problen, 


IV. Future developments in X-ray spectral measurements, 


A few words can be said relative to possible future developments in 
the spectroscopy of diagnostic X-rays, One of the limitations in X-ray 
Spectral measurements is the energy resolution of the Nal crystal, 
Lithium-drifted solid state detectors of various types are currently 
being developed and these have higher resolution capabilities, At low 
photon energies it would probably be possible to use such detectors since 
they can be made thick enough to absorb a large fraction of the incident 
energy. At higher photon energies, generated at kilovoltages greater 
than 70-80 kVp, it may not be possible to make the detector large enough, 
with present technology, so that it can still serve as a total absorption 
device, There is some trade-off between higher energy resolution and 
energy escape, Ideally, a large solid-state detector which could 
combine high energy resolution with total energy absorption would 
eliminate a lot of the corrections that are currently required and make 
the task of determining diagnostic X-ray spectra much easier, 


Appendix 
Q. Would you explain the Reet function you use to correct the measured 
Spectra? 


A, Res is a matrix algebra shorthand description of the response function 
of the system, The true spectrum can be written as a one column 
matrix, and the response function is a square matrix so that when the 
two are multiplied together the result is another one column matrix, 
the measured spectrum, For the response function a 54 x 54 matrix 
with an assigned bin width of 2,8 keV was used, (The iodine X-rays 
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will then be 10 bins below whatever energy is being considered. ) 

If the matrix had to handle only the Gaussian spread, without the 
complication of an iodine K X-ray escape correction, it would be 
Symmetrical along the diagonal, However, the iodine escape fraction 
is a non-uniform function of energy so the matrix must be non-uniform 
to handle this, The iteration procedure is run through very quickly 
by the computer and rapidly converges so that only three iterations 
are needed, 


Could you use a low level discriminator with a scintillation 
detector to determine the high energy end of a spectrum and s0 
determine if the kVp reading on the meter were correct? 

We ran into this problem when we found that the spectral end points - 
after eliminating resolution effects - did not agree with the stated 
kVp, However, since the magnitude of the fluence at (or just below) 
the maximum is small, this method to determine the kVp is not very 
good, and I would not rely on a spectrometer determination for more 
than an approximate value, I would prefer, for accuracy, an 
electrical determination of kVp; e.g, a sphere gap calibration, 


In the curve of pulse-height versus photon energy (Figure 1) the 
ee high energy ends departed from linearity, Could you explain 
why 

There have been several attempts to explain the non-linear response 
of NaI (9,10,11) but with little success, Over most of the range 
from 20-90 keV the curve was linear but outside of that range the 
experimental points had to be fitted by parabolas, Incidentally, 
if the silicon base oil (DC 200) which is used to provide optical 
coupling between the crystal and the photomultiplier has dried out 
or if leakage has occurred it is possible to get some odd crystal 
response, The non-linearity, however, is not due to this, but it 
could perhaps be related to non-uniformity in the crystal itself or 
in the deposition of the thallium contaminant, 


Could solid-state detectors be used for spectra measurements? 

At the time this work was done solid-state detectors were not very 
advanced, sO we have not used them, Nowadays, with the large 
detectors available, this should be an attractive possibility, as the 
energy escape from the sides and the back surface should be small, at 
least for low incident photon energies, Either lithium-drifted 
detectors thick enough to be totally absorbing, or pure germanium 
detectors may now be available, For continuous spectra the 
sacrificing of some resolution that is a consequence of a thicker 
detector would not be a problem, When it comes to resolving line 
Spectra, where higher resolution would be needed, thick solid-state 
detectors would still be better than NaI and could approach the ideal 
of a total absorption spectrometer valid over the diagnostic X-ray 
energy region - an exciting prospect, 
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SOME CHARACTERISTICS OF RADIOGRAPHIC 
FILMS AND SCREENS 


Lloyd M. Bates, Sc.D. 
Department of Radiological Science 
School of Hygiene and Public Health 

The Johns Hopkins University 


The Radiologic System 


The basic radiologic system may be considered as that shown in 
Figure 1 made up of the following components: (1) a generator, the 
X-ray tube, which emits a beam uniform across a transverse plane; 

(2) a modulator, the patient, where the beam undergoes differential 
absorption in the various tissues and emerges as a modulated signal of 
varying intensity across a transverse plane; (3) a transducer, a device 
that transforms the X-ray pattern into a visible image, 


The transducer may be a simple device such as a fluoroscopic screen 
Where the image is obtained directly, It may be an image intensifier in 
which operations are performed on the image before it is rendered visible, 
it may be the screen of a photofluorographic unit where the image is 
photographed and the photographic film chemically processed and then 
viewed with transmitted light to produce the visible image, It may be 
simply a radiographic film or a film-intensifying screen combination where 
again chemical processing and viewing with transmitted light is required 
to yield the visible image, It is this last mentioned device which 
Will be discussed here, 


If a film only is used, absorption of X-ray energy directly in the 
emulsion gives "developable centers", which after chemical processing 
produce a deposition of metallic silver, If a film-screen combination 
is used, the screens absorb the X-radiation and re-emit some of the 
deposited energy in the form of light which in turn is absorbed by the 
film emulsion to produce the developable centers, When film-screen 
combinations are used, only about 5% of the total energy deposited in the 
film is by direct absorption of x-rays, The major contribution to the 
image formation is by deposition of light energy resulting from X-ray 
energy deposition in the screens, The quantity of X-radiation incident 
on the film or film-screen combination varies across the surface and, 
therefore, the energy deposited in various areas of the film will vary. 
After processing, the quantity of silver in various portions of the film 
will vary, giving a variation in optical density across the film, and 
hence the image, 


Figure ? shows a graph of optical density versus exposure to a non- 
screen a curve A) and two different film-screen combinations (curves 
B and C), 
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Requirements for a Satisfactory Image 


It is probably advantageous here to review qualitatively some 


of the characteristics of a device which would provide a satisfactory 
radiographic image, 


1, 


Reasonable density without undue patient exposure, An average 
Optical density oF about 1,0 1s alty considered satisfactory for 
a medical radiograph, Note that in Figure 2, the film-screen 
combination described by curve C requires imR to produce unit density 
while the non-screen film described by curve A requires 20mR to 
produce the same density, The non-screen film described by curve 

A is considered a fast non-screen filn, 


Variation in density for a variation in exposure, There is a 
minimum variation in density which can be detected by the eye. The 
Slope of the durves of density versus exposure should be steep 


enough to give a reasonable contrast (density difference) for a 
slight variation in exposures, 


Reasonable latitude. If the variation in exposures over the film 
is very large it is possible that the lower exposures would be down 
on the toe of the curve where the change in density is small for a 
given change in exposure, A similar situation would result if the 
higher exposures were on the shoulder of the curve, If the average 
density of the film is high, the considerable quantity of silver in 
the radiograph produces scattered light, It is difficult to 
perceive small variations in density in an image viewed against a 
background of scattered light, 


Low bacemeouns level, The residual density at the toe of the 

curve gure 2) is unrelated to X-ray exposure and is due to the 
film base and to chemical fog, This must be kept as low as possible 
Since it will scatter light and degrade the visible image, 


Heproduetble detail, For each variation in exposure across a very 
sm area of the film, there must be a comparable density change. 


Low noise level, There must be little variation in density that is 
unrelated to exposurey i.e, there should be an acceptably low pattern 
of noise, 


Film Screen Characteristics 


The basic characteristics of film-screen combinations which relate 


to the requirements specified above are listed here, and are discussed 
later in more detail, 


1, 


Speed, This is a measure of the ability of the film or film-screen 
combination to yield a density for a given exposure, A faster film 
will produce greater density for a given exposure,although as will be 
seen later, it is defined in somewhat different terns, 


40 
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DENSITY 
oO 


E, 2 5 
SCALE FOR CURVES B AND C 
EXPOSURE (rx 10°) 


Figure 2. Density versus exposure relationship of three 
different photo-receptors. Curve A is that of a non- 
screen film; curves B and C, that of two different film- 
screen combinations. The insert shows hypothetical 
éxposures E) and E, in a transmitted x-ray beam. 
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2, Contrast Factor, This is a measure of the change in density 
Obtained for a given change in exposure, 


3, Latitude, This refers to the range of exposures over which 
useful densities are obtained, 


4, Base Density. The base on which the emulsion of a film is coated 
is not entirely transparent and hence has an optical density, 


5. Fog Density, When a film is processed chemically, the reduction of 
Silver halide to metallic silver takes place whether or not the 
crystals have been exposed, Exposed crystals act as a catalyst to 
the chemical reaction and the silver halide is reduced more rapidly 
in these areas, However, in unexposed areas, some silver halide is 
still reduced to metallic silver, producing what is referred to as 
fog density. 


6, Latent Image Fading, With the passage of time between exposure and 
development, some of the developable centers may disappear, This 
is more of a problem with film badges used for personnel monitoring 
than with radiographic film (Ehrlich, NBS 57). 


Ts Reciprocity [aw Fallure. Reciprocity law failure occurs only 
when exposure is to light, not when film is exposed directly to 
X-rays, When there is reciprocity law failure, the density obtained 
for a given exposure is a function of the time interval over which 
the exposure is given, For example, if a density of 1,0 is obtained 
for an exposure given in 1/10 second, the density may be greater or 
less than 1,0 for the same exposure given in 1 second, 


8, Modulation Transfer Function, This refers to the capability of the 
film or film-screen combination to reproduce, without loss of 
amplitude, variations in the X-ray image (see Rossmann), 


9. Noise, This refers to random variations in density across the 
film, It may result from random variation of the numbers of photons 
across the X-ray beam, variations in crystal distribution in the 
Screen, and grain distribution in the filn, 


Definition of Characteristics to be Measured 


The definitions given here were conceived for the purposes of 
gathering data for the PHS publication #999-RH-38, "Some Physical Factors 
Affecting Radiographic Image Quality", and differ slightly from ANSI 
definitions for similar properties, The differences will be noted as the 
definitions are discussed, Definitions are based on the H & D curve 
(named after Hurter & Driffield who first used this curve in photography), 
which is a plot of optical density versus the logarithm of the exposure, 
The density plotted is the net density, i.e. density above base and fog 
densities, AnH & D curve is shown in Figure 3, Note that the plot of 
density versus the logarithm of exposure has a more pronounced shoulder 
than when density is plotted versus exposure, This shoulder occurs at 
about an optical density of 3,0 in radiographic filn, 
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The evaluation of speed, contrast factor, 
and latitude from an H and D curve. 
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Density: 
The definition of density used in this work was the 
conventional one: 


D = lo 
610 Tr 

where Tr is the fractional transmission, 
Exposure 3 


Measured in roentgens, 


Speed s 
The average density of a medical radiograph is about 1 and 
this factor is taken into consideration in the definition of speed, Speed 
is defined as the reciprocal of the exposure in roentgens required to 
produce density 1,0; i.e, 


1 


Be 1 


Some examples of speeds of typical films and film-screens are as follows! 


Speed = 


Detector Speed Exposure for D = 1 
(above fog) 
Par speed film-screen 1000 1 mR 
combination 
Fast non-screen 50 20 " 
Slow non-screen 10 100 " 


Contrast Factors 
The contrast factor of a film or film-screen 
combination is defined as the slope of the H & D curve at optical density 
of 1,0, i.e, 


AD 


C.F, = N 


where N is the number of log units change in exposure, i.e, 


N = 10g19(E,/E). 


The ratio (24 (tp) is used, rather than a difference of exposures, because 
in practice the ratio will not vary with the total quantity of radiation 


reaching the filn, 


Typical values of contrast factors are 2,5 to 3.5 for film-screen 
combinations and 1.9 for non-screen filn, 


ANSI used the term average gradient and a different definition to 
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describe this property of filn, 


Latitude s 
Latitude is a measure of the useful range of the film and 
has been defined as the number of log units of exposure (N,.) to give a 


range of densities from 0,3 to 1.7, This range is considered the useful 
range of densities in medical radiography, 


Typical values of latitudes are 0,55 for film-screen combinations and 
0.8 for non-screen filn, 


ANSI defines latitude in the same manner except the range of densities 
was 0,25 to 1.75, 


Fog and Base Density: 
These characteristics are specified in terms 


of density rather than defined, If a film is fixed without development, 
there will be no metallic silver in the emulsion but this film will still 
exhibit some density, called base density, This is usually of the order 
of 0,06 to 0,08 for white or clear based films, If white light is used 
for densitometry measurements on blue based films, the base density is 
about the same, The density of blue based films measured with blue light 
gives slightly higher values, 0.1 to 0.12, 


Fog levels are also specified as a density, Fog density may arise 
from two sources, (a) chemical and (b) response to the environment, 
especially heat and background ionizing radiations, Fresh filn, 
developed carefully, should exhibit a fog density not greater than 0,1, 
Rapid processing films developed in a 90 second automatic processor may 
exhibit fog densities as high as 0,2, This latter value seems to be the 


fog density which begins to interfere with the radiologists interpretation 
of the filn, 


Figure 4 shows a plot of optical density versus exposure (curve A) and 
it can be seen that this does not give zero density at zero exposure,’ 
This residual density is the fog plus base density, Measurements of film 
characteristics are made with the residual density "zeroed out", i.e, 
calculations would be made from the net density (curve B), 


Latent Image Fadings 
The concern with this characteristic of films is 
with any loss of speed which would result from a delay in processing after 
the film had been exposed, This characteristic is expressed as a change 
in speed for various delay times, In practice, no significant change was 
detected over a 24 hour delay period, It is apparently not important in 
radiography, 


Reciprocity Law Failures 
Here the concern is with the change in 
Speed with exposure time and reciprocity law failure was expressed as the 
change in speed with exposure time, Measurements were carried out at 
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Figure 4. Density versus exposure curve (A) showing fog 
density de and base density dy, producing a density at 
zero exposure. Values are typical for a medium speed 
film. Curve B is the net density versus exposure curve; 
i.e., with base and tog densities subtracted from the 
total density. 
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exposure times of 1/100, 1/10, 1 and 10 seconds, giving a range of 1,000 
in exposure times, It is desirable that the reciprocity properties of 
the film give it a maximum speed at the exposure times normally used in 
diagnostic radiology, usually fractions of a second, All but one film 
did exhibit its maximum speed in the vicinity of the 1/10 second exposure, 


Factors Affecting Film Characteristics 


Before beginning the measurements on the films and screens we 
considered certain characteristics to be modified by various factors, 
The study itself provided more information on which factor was important 
for which characteristic and the present concept of the interaction of the 
factors and the film characteristics is given in Table I, 


TABLE I 


Speed determined by Film type 
Screen type 
(including non-screen) 
Half~-Value-Layer 
Developer type 
Developer temperature 
Developer time 
Developer condition 
Agitation 


Contrast Factor Film type 
and Latitude (Independent of screen 
type 

Developer type 
Developer temperature 
Developer time 
Developer condition 
Agitation 


Fog Density Film type 
Developer type 
Developer temperature 
Developer time 
Developer condition 
Storage conditions 


Base Density; Film type 
Latent Image Fading; and 
Reciprocity Law Failure 
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Experimental Considerations in Film Measurements 


The general procedure for the H& D curve, With a chosen film 
and screen sample, a series of exposures are made across the film to 


produce the required range of densities, To avoid reciprocity law 
failure, the exposure time must be constant and hence the exposure varied 
by varying the exposure rate to the film, This can be done conveniently 
by varying the distance of the film from the X=ray tube, Processing 
requires careful control of development time and temperature, thorough 
fixing, washing, and drying of the film, To determine base density, 

a piece of the film sample is fixed without exposure or development, and 
washed, S50 no metallic silver is deposited, To determine fog density, 

a second sample of film is developed without exposure, fixed and washed, 
For densitometry three pieces of the same film sample are available one 
which will give base density, a second which will give base plus fog, and 
a third which will have base, fog, and the graduated exposures to give 
the H & D curve, Base density is measured, base-plus-fog density is 
measured, and fog density determined from these two readings, The 
densitometer can then be zeroed with base-plus-fog densities in the light 
beam so that subsequently it will indicate net densities for the exposure 
films, The H & D curve is then drawn, unit density level located, speed 
and contrast factor calculated, and finally the latitude values taken 
off the graph, 


Requirements for precision, The major problem in the study was the 
stringent requirements for precision in view of the many steps of the 
whole experiment, During exposure, the exposure rate must be known, the 
exposure time known and be accurately reproducible, and the beam quality 
must be known and be fixed, During processing, sources of error could 
arise from inconsistent mixing of the developer, lack of control of 
temperature, lack of control of time, allowing the developer to become 
exhausted, inadequate agitation, and staining of the films from incomplete 
fixing and washing, During densitometry, it is necessary that the 
densitometer be properly calibrated, be free from drift, be read accurately, 
During calculations, errors can arise when drawing the graphs, extracting 
data from the graphs, and during arithmetic calculations, 


Other sources of variation, rather than error are inherent in the 
products being tested, Some variation could arise from effects of 
temperature or moisture content of the emulsion, and from variations in 
emulsion thickness or emulsion characteristics on different areas of the 
filn, The screens could contribute variation through changes in 
emission with temperature changes, or with variation in light emission 
across the surface of the screen, Some variation could arise with 
developers because of variations in the individual packages of the 
developers, 


As many of these variables as possible were examined, For example, 
as a quality control, a series of films were exposed at one time, cut in 
half and processed at different times, They were developed each 
morning and afternoon over a period of several weeks to check on darkroon 


101 


precision, Screen variations were investigated by exposing different 
parts of the screens and other precision checks were built into the 
system, The overall precision, i,e, the standard deviation from the 
mean of all measurements, was about = 5%, 


The Experimental Determination of Film Characteristics 


Method of exposing the film, The exposure rate from the X-ray tube 
and the exposure time were kept constant, The exposure at the film was 
varied by varying the distance of the film from the focal spot, An 
example of the Processed films is shown in Figure 5, The films samples 
were cut into 13" x 6" strips and loaded in a cassette containing the 
screens which were being tested, The sequence of operations began with 
the beam directed along an optical bench, through a slot in a lead plate 
to expose a piece of the film, The cassette was then moved so that an 
area adjacent to that just exposed was behind the lead slot, The 
cassette was moved down the optical bench to a new position, and the new 
portion of film exposed, This procedure was repeated until a factor of 
about 20 between the first and last exposures was obtained, The ratio 
between successive exposures was 0,707 or about 0,15 log units, Measure- 
ments indicated that air attenuation was not a problem in the experiments, 


The exposure aysten. A schematic diagram of the exposure system 
is shown in Figure 6, The power to the X-ray generator was supplied 
through a constant voltage transformer to help stabilize the X-ray output, 
The unit was operated at constant potential to avoid voltage wave form 
effects, Measurements were made at half-value layers of 2, 4, and 6 mm 
Al, To obtain the 2 mm Al half-value layer a tube potential of 75 kV was 
used and for the other two half-value layers a tube potential of 90 kV 
was used, Filters were added to give the desired half-value layer, 
For the hardest beam, the filter material included some copper but the 
other half-value layers were obtained with aluminum filters only, The 
Sealed ion chamber provided a signal which controlled a feedback circuit 
to the X-ray filament control, This stabilized exposure rates to very 
close tolerances, At the same time, the exposure rate could be directly 
monitored at the output of an operational amplifier, Figure 7 is a 
Photograph of the experimental apparatus, 


The exposure rate stabilizer, This device simplifies measurements 
from X-ray machines operating at low voltage where exposure rate variations 
Seem to be severe, The stabilizer circuit uses an operational amplifier 
with an open loop gain of about 105 which holds voltage variations at the 
input of the amplifier to 10-5 times the voltage obtained at the output 
end of the amplifier, A circuit diagram of the exposure rate stabilizer 
is shown in Figure 8, A reference signal is obtained from the IN3584 
Zener diodes, which, although they have a low temperature coefficient, 
are Sealed in a constant temperature oven, The forward gain of the 
amplifier is determined by the resistance from the input to the output end 
of the amplifier, When current flows into the input end of the amplifier 
the output end changes to drain enough current through this resistance to 
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VOLTAGE X-RAY X-RAY TRANSFORMER 
REGULATOR CONTROL AND C.P. UNIT 
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Figure 6. Schematic diagram of the exposure systen. 
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hold the current flow at the input to zero, Any change in ion current 
evokes a change in voltage at the output end of the amplifier, which 
applied to the control grid of the 5881 changes the current through the 
primary of a saturable reactor, This varies the inductance in the 
filament power supply line. The output voltage of the amplifier was 
monitored by a digital voltmeter, This apparatus is shown in Figure 9, 


The ion chamber, The ion chamber was constructed of heavy brass 
and hermetically sealed with 1/32" plastic ports through which the beam 
could pass with very little attenuation, Three plates were used in the 
ion chamber to provide for saturation at a lower voltage and to provide a 
mechanism for guarding against leakage current. Fhotographs of the 
chamber are shown in Figures 10 and ili. 


Stability of operation, With the constant voltage transformer 
stabilizing the input voltage to the X-ray machine, no apparent variation 
in tube current could be detected, However, a series of samples of the 
output from the operational amplifier showed that the exposure rate was 
in fact varying. Figure 12 shows the results of these measurements, 
When the exposure rate stabilizer was incorporated in the circuit, a 
repeat series of measurements showed the effectiveness of this control as 
shown in Figure 13, The values have a random scatter of about 0.2%. 

The forward gain of the amplifier could have been increased and this 
would have served to reduce further the variations, This was done in the 
laboratory and variations of the order of 0,05% were observed. However, 
under these conditions the circuit was unstable and would go into 
oscillation if a transient voltage reached the circuit, 


Timing, The exposure rate stabilizer requires a few seconds to 
come into proper operation, therefore conventional timing techniques were 
not practical and an external shutter-timer mechanism was built, This is 
shown in Figure 14, The X-ray beam is allowed to pass through a hole in 
a lead plate and be incident on a 1/4" brass wheel with a sector removed, 
The wheel, driven by a synchronous motor, allows pulses of X-rays to be 
transmitted, but these are intercepted by the shutter, When an exposure 
is to be made, a hand switch is closed which triggers a series of relays, 
The relays program the shutter to open when the X-ray beam is intercepted 
by the brass wheel, stay open until one pulse of X-rays is transmitted, 
then close and remain closed until the hand switch is opened and again 
closed, Two wheels with different angles of sector removed together with 
two motor speeds provided four exposure times: 1/100, 1/10, 1, and 10 
seconds, The circuit diagram of the relay system is shown in Figure 15, 


Darkroom procedure, Fhotographs of the darkroom apparatus are shown 
in Figures 16, 17 and 18, Figure 16 shows the film holders with samples 
of film in place, Figure 17 shows a cage designed to receive the film 
holders which was normally immersed in developer solution, Developer, 
stop bath, and fixer were placed in cylindrical stainless steel containers 
which were, in turn, set in a 60 gallon water bath, These can be seen 
in position in Figure 18, The cage containing the film samples rested on 
a nylon bearing at the bottom of the stainless steel tank, The top of 
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EXPOSURE (arbitrary units) 





MEASUREMENT NUMBER 


Figure 12. Uncontrolled variation of a series 
of 0.1 sec exposures from a conventional diag- 
nostic x-ray generator operated with a line 
voltage regulator. 


26¢ 6 
= 
S 2650 
By 
& 
S 
: Pepe gr 
& 
i 
= 
t+] ot ff 
e 
= 
wm 
°o 
a 
x 
we 
2550 


MEASUREMENT NUMBER 


Figure 13. Variation of a series of 0.1 sec 
exposures from a conventional diagnostic x-ray 
generator operated with a line voltage segulator 
and the exposure rate stabilizer. 
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Figure 16, Photograph of film holders with. film samples” in place, _ 


aystem. : 


=. 





CS] 


IG j mL in 
a VS By . 
i \ : 


sew oa a 4 . ihe . ¥ 
- a ee wt: : , ‘3 r : RNY ’ ie , 
pecs eames vagy _ 883 aadoTesep Supievoidyoaz jo ydea¥ojoyg *7T azn8tqg 





y 
. 
* 
r 








4 ; 


EB 


the 


ee 


Sati: 
te? - 


-Aeai . 
ts tee 


2h Pr. x. = 


: > X 
af lig™, — 


| . 


- 











5 r 
‘ a a> ae - * - * .- 
-._~ “~~. 4 . ~ - po 
* a - = © 
~- +" « ‘ < 
os ~~ a 
et we os ™ ~ . - 
-- 7 a = - 
a = « - 
eee = ' =.= 
~~» * 7 ~ 
> - * - 7 . 
-* . 
~ - “-* a ~ ~ a 
“ . - - - - ~ 
- - ~ = «* ~~ - “iif 7 
- »" 
r - - - * “- < 
- ~- * «a - _ ~ 
a. > : 
= ea - Ps 
.«.* - aves 9 
~~ ° ? > > 
ee . r. a o*-7 
e ce x 
< » 7 = 
J ey & 7 7 
es ps . ~ 
We a ~, “we pp? Hw o - 
ee < =" 
1H < a , , ~ tne 
A ag al oe <—* ~ 7 - 
. ,~" » + 
; . ty). y = . 
oor ase < ee 
ad . ‘a's * =“ . 
; » 4 a fa ~™ om = < 
> 7 « . - id 
= Barge ae! Reps 
Se eee 2 at 
2" en % Lge >» « > <=“ 
a. “opel ~ » 
“ Lue . » - = - - 
~* ss a, * oo m Nag* «= “ 

‘ ee >> I ay . —<-S 
<a ao - as? — = 
Meee or a poe ae = * > 

* ’ Sx « 
ope td. a, -* : ° 
i oo —“<- 
~ ; , 
, t. “ ‘ a >. ° 
** ? 7 
r *.£.! ¥ . 
Mi 
4 a | ms 
ASS Pes . 
he! 
Ne “) 
O . 
BBE oe 
ore as 
o * 
©- Nee 
fant 
O 
rd “ - a* 
- ~- 
oO: . é ’ 5 a , 
. _— : * 
. . ‘ ee “, - 
. ? s 
' 5 234 
nogyere SEES: 
“hoes: oy 
Cea 
. ei? » = 
: ate x v 
aes . - : . 
ih, 22 kK : ). o , - 
og »! wi s . ‘ 
a ‘ 
= i. , 4 é 7 
~ 
‘ . 
“ > 
> 
' 
* 
‘ } 
4 ‘ 
“ : 4 
. = 
~ 
~ 
‘ 


115 


the cage was connected to a reciprocating arm which oscillated the cage 
continuously during the development process, This can be seen in the 
container in the foreground of Figure 18, 


Temperature control of developer is critical and a feedback system 
Was used to effect this control, A schematic diagram of the control is 
shown in Figure 19. Two circulation systems were employeds one 
circulating warm water to keep a positive heat flow into the systen, 
Control was effected by controlling the rate of chilled water in the 
second circulation system, A thermister in the water bath provided the 
error signal and the control system proved to be very effective, Figure 
20 is a photograph of the read out thermdmeter, Full scale deflection 
is 1° F and the chart shows the variation over a 24 hour period, The 
variation in temperature over that period was about 0,05°F, 


Format of the Experiment 


It was intended to obtain all radiographic films on the market and 
measure the response of each of these with all intensifying screens on 
the market, and in addition measure the effect of various developers, 
development times and temperatures, To measure all characteristics of 
every possible combination would have required about 500,000 measurements, 
SO sOme reductions were made, All films were tested with all screens, 
but each film was tested in only three developers, In general the 
developers chosen were} that made by the film company, Kodak liquid 
developer, and one other developer arbitrarily chosen, 


General Results 


Speed of combinations of films and screens. The possibility of 
finding a "magic combination" of films and screens which would be very well 
matched was considered, No single outstanding match was found and 
conversely, no severe mismatch was found, The results of the speed 
measurements showed that if the relative speeds of two films with one 
intensifying screen are known, then these relative speeds hold for all 
screens, For example, if film A is 50% faster than film B with 
Patterson Far Speed screens, then film A will be 50% faster than film B 
with any other screen, Similarly, if one screen is 50% faster than 
another with one type of film, it will be 50% faster with any film, It 
is then possible to set a relative scale of speeds for films irrespective 
of screens, and a relative scale of screen speeds independent of filn, 

At the time of the study all the screens, with one possible exception, 
were made of calcium tungstate, It is believed that Patterson High 
Speed screens were made with barium lead sulphate, This difference in 
Screen material did not show up in the measurements, i.e, the relative 
distribution of film speeds was unaffected with this different screen 
material, It is possible that new screen materials with markedly 
different spectral emission or other properties could change the concept 
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of fixed relative speeds, 


Contrast factor and latitude, These are independent of the screen 
and the half-value layer, They are a property of the film type only. 


Contrast factor and speed, The contrast factor is, in general, 
higher with higher speed films, However there is at least one notable 


exception, Dupont Cronex II is a medium speed film with a high contrast 
factor of about 3.4, 


Latent image fading, This does not require much consideration 
except to point out that a negative value was found with some films: an 
image enhancement, The magnitude of this, about 5 to 6% after a 6 hour 
delay between exposure and processing, is not considered to be of 
practical significance, 


Speed and half-value layer, It could be expected that there would 
be some variation of speed with half-value layer since speed is expressed 
in reciprocal Roentgens while the energy deposition in the film or filn 
screen combination per Roentgen would vary with the half-value layer, 
However, another effect gave a more marked variation of speed with 
half-value layer, Because two screens are used, at higher energies 
more radiation penetrates through to the second screen, bringing about 
greater light production in the rear screen for the same exposure to the 
cassette, Figure 21 shows the change in speed with half-value layer for 
five different screens, The curves are steeper for faster screens, i.e. 
the faster screens exhibit greater increases in speed as half-value layer 
is increased, This is probably because faster screens are thicker 
screens and the increase in penetration to the back screens with increased 
half-value jJayer is more pronounced, 


Specific Results of the Study 


Tables II and III list all the films, screens and developers that 
Were used in the study, The results which are presented here are a 
sample of the complete results that are being compiled, 


Figure 22 is a frequency distribution of the speeds of all combinations 
of thirteen films and seventeen Screens, It can be seen that the speeds 
range from between 100 and 200 R71 up to 2800 R-1, It is interesting to 
note that the modal value of about 850 R-! is the speed of films most 
commonly used in radiology departments, 


The comprehensive results will be presented in a form similar to 
tables IV and V, For screen type film, the basic characteristics of 
base density, contrast factor, and latitude will be listed, together with 
the speeds of the film with each of the screens and without screens at 
three half-value layers, For a non-screen type film, much less data is 
required but the presentation is similar, Note that the speed change 
with half-value layer is not very marked when films are exposed without 
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TABLE Il 
Films and screens on which measurements were carried out 
Ba ee 

FILS SCREENS 
Ansco Fine-X Ansco Medium Speed 
Ansco High Speed Ansco High Speed 
Ansco Non-screen Auer Flash Speed 
DuFont Cronex I Buck A 
DuFont Cronex II Buck AA 
DuFont Cronex III Buck AAA 
Ferrania Radio N Ilford Standard 
Ferrania Simplex (non-screen) Ilford Fast 
Gavaert Curix Special Patterson Detail 
Gavaert Curix Fatterson Par-Speed 
Gavaert Curix Rapid Patterson High-Speed 
Gavaert Osray (non-screen) Radelin UD’ 
Ilford Standard Radelin HR 
liford Red Seal Radelin T 
1lford Ilfex (non-screen) Radelin TF 
Kodak Blue Brand Wolf Rapid 
Kodak Royal Blue Wolf Ultra 


Kodak No Screen 





TABLE III 


List of developers used in the measurements of the 
characteristics of radiographic film 





MANUAL AUTOMATIC 
Ansco Liquid Ansco Liquamat 
DuPont Liquid DuFont Automatic 
Ferrania Manual Ferrania Automatic 
Gavaert Gavadel Hunt Graph-o-mat 
G.E. Supermix Kodak X-o-mat 


Kodak Liquid 
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TABLE IV 
Film A 
Manufacturer! U.o Distributors 
Base Density: 0,08 Contrast: 2,7 Latitudes 0,58 


Speed (r7!) with Various Screens at HVL's Shown 





SOREKN HVL 
2mm Al, 4 mm Al, 6 mm Al, 
Ansco Medium Speed 700 950 1110 
Ansco High Speed 730 1160 1470 
Auer Flash-S peed 900 1390 1740 
Buck A 600 840 980 
Buck AA 750 1060 1260 
Buck AAA 7 50 1170 1460 
Ilford Standard 580 810 970 
llford Fast 1060 1560 1900 
Patterson Detail 400 530 590 
Fatterson Par-Speed 680 880 1010 
Patterson Hi-Speed 820 1310 1700 
Radelin UD 280 350 HOO 
Radelin HR 360 Lio 490 
Radelin T 630 840 1000 
Radelin TF 960 1390 1720 
Wolf Rapid 680 930 1110 
Wolf Ultra 730 1070 1320 
Without Screens 11 12 12 
TABLE V 


Film B (Non-Screen Film) 





Manufacturers U.S. Distributors 

Base Density: 0,07 Contrasts 1,90 Latitudes ,86 
HVL SPEED (r-1) 
2 mm Al, 20.6 
by mm Al, 2583 


6 mm Al, 26.1 
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screens, The only variation to be expected would be that due toa 
change in the energy deposition per Roentgen, 


Measurements were made Over a period of a year and storage may have 
affected fog levels, It was considered that quoting absolute values of 
fog levels would have little significance, In general, it was apparent 
that imported films have a slightly higher fog level, but not unduly high. 
Lowest fog levels were found in locally manufactured films of the screen 
type, Non-screen type films exhibited higher fog levels, Imported 
Screen type films had fog levels below those of locally manufactured 
non-screen filn, 


For each film, a series of graphs will be supplied, The first is 
the H & D curves specific for the film as shown in Figure 23, Note that 
the development time was 3 minutes which is less than the recommended 
development time for Kodak liquid developer, A pilot study was carried 
out in an attempt to find some way to reduce development time and still 
have valid data, It was found that 3 minutes would complete development 
to the point where density changes with development time, although not 
complete, were changing very slowly, By choosing the 3 minute development 
time, 200 hours were saved in the development of 8,000 film samples, Non- 
screen films were developed for full development time, 


Figure 24 shows the effect of developer temperature and time on 
Speed, Relative speed plotted on the abscissa is relative to that for 
films developed at 20°C for 3 minutes, These curves enable the user to 
convert from speeds obtained with 3 minute development to those that would 
be obtained with 4 or 44 minute development at 20°, While there appears 
to be a large increase in speed as a result of raising the developer 
temperature, it must be remembered that concurrently there is also an 
increase in fog density which is not shown on this graph, 


Figures 25 and 26 show the effects of different developers on the 
film, Figure 25 is for deep tank developers while -figure 26 is for 
automatic processing developers, It was noted that the use of a 
developer other than that made by the film company could lead to increased 
film speeds, In general, the spread of speeds using different developers 
is not very great, For automatic processing, a temperature of 30°C was 
used, hence the development times shown are shorter than those for deep 
tank development, 


Figures 27 and 28 show the variation of fog levels with development 
time and for various developers, As indicated earlier, specifying 
absolute fog values was not considered practical, therefore only percentage 
changes were given, In Figure 27 it can be seen, for example, that the 
GE developer which gave the faster speed in Figure 25 also gave a lower 
fog. The changes in fog with development time using automatic processor 
chemicals were similar in magnitude to those obtained with hand processing 
chemicals, 
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Figure 29 shows variations in contrast factor and latitude 


with development time for various developers, The variations are as 
expected, Under-development gives reduced contrast factor in addition 
to giving reduced speed, Development to completion gives the maximum 
contrast factor but over-development reduces contrast factor because the 
fog level is increased, This feature is much more marked for automatic 
processing (curves D&E), Latitude changes in the opposite direction 
to contrast factor, Over or under development can give higher latitude, 
but the decrease in contrast factor makes this an impractical way to 
increase the latitude of a filn, 


Figure 30 shows an example of reciprocity law failure, Speed 
measurements for the film are plotted against exposure time and the 
Speeds are expressed as those relative to that with 0,1 seconds exposure 
time, This curve is typical of most radiographic films showing a 
maximum speed at something less than 0,1 seconds exposure time, 
Apparently the manufacturers can, through chemistry, adjust the films to 
give maximum response at a given exposure time, 


Tables of Data 
Tables VI through XIV show some representative data from the study, 


Table VI, This shows the speeds of thirteen films with each of 
three different screens, The slowest combination would provide good 
detail but the speed is low, A speed of 180 R~1 is equivalent to an 
exposure of 55 mR to obtain an optical density of 1,0, An increase in 
Speed can be obtained by choosing a faster film or a faster screen, A 
noise pattern may appear on the radiograph, and this will differ depending 


on whether the speed increase is obtained through a change of film or of 
screen, 


Table VII, This presents similar data from the other viewpointdi 
the speeds for seventeen screens with each of three film types, The 
last line shows the speed of screen type film used without screens, 
Although different samples of the same screen type were not studied, it is 
believed that individual variations of speed between screens of the same 
type should be very small, Screen manufacture is presumably a simpler 
process than film manufacture, 


Table VIII, The speed of non-screen film is, in general, higher 
than that of screen type used without screens, However, the fastest of 
the screen type films used without screens has a speed approaching that 
of the slowest of the non-screen type films, 


Table IX, These data were shown graphically earlier, For fast 
Screens, the variation of speed with half-value layer is greater than for 
Slow screens, Non-screen film or screen type film used without screens 
Show very little change in speed with half-value layer, 
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TABLE VI 


Distribution of speeds of film-screen combinations when screen-type 
films are exposed with fastest, slowest, and a typical medium speed screen, 


Exposure times 0,1 sec, HVLs 4 mm Al, 
Films developed 3 min. in Kodak Liquid Developer at 20°C, 
Speed _(r71) 


Slowest Medium Speed Fastest 





Film Type Screen screen Screen 
A 180 460 820 
B 220 560 1000 
C 260 670 1190 
D 280 700 1230 
E 320 820 1460 
F 350 880 1560 
G 350 880 1550 
H 350 890 1570 
I 360 900 1600 
J 400 1000 1780 
K 470 1190 2110 
L 560 1430 2520 
M 610 1550 2740 

TABLE VII 


Distribution of speeds of film-screen combinations when intensifying screens 
are used with slowest, fastest, and a typical medium-speed screen-type filn. 





Exposure times 0,1 sec, HVL: 4 mn Al, 
Films developed 3 min, in Kodak Liquid Developer at 20° C, 
Speed (r71 
Screen Type Slowest Medium Speed Fastest 

Film Film Filn 

1 180 320 610 

2 230 410 780 

3 280 500 930 

4 4.20 760 1430 

5 LO 780 1480 

6 LAO 790 1480 

7 460 820 1550 

8 490 880 1640 

9 490 880 1660 

10 550 990 1860 

141 560 1000 1880 

12 610 1080 2040 

13 610 1090 2050 

14 680 1220 2300 

15 720 1290 240 

16 730 1300 2U40 

17 820 1460 2740 


No screen 6 13 22 
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TABLE VIII 
Distribution of speeds of Non-screen films 
Exposure times 1 sec, HVL:s 4 mm Al, 


Films developed 5 min, in Kodak Liquid Developer at 20° C, 
(See Table II for exposure and development data on screen-type films 
quoted in this table for comparison purposes, 





Film Type S peed (r-1) 
N 30 
0 44 
P M6 
Q 4g 
R 53 
Fastest screen-type film exposed 
without screens 22 
Slowest screen-type film exposed 
without screens 6 
TABLE IX 


Variation of Speed with Beam Quality 


Half-value layer 


Phot oreceptor 2mm Al, 4 mm Al, 6 mm Al, 
Medium speed film 

- slow screen 260 320 370 
Medium speed film 

- medium speed screen 630 820 940 
Medium speed film 

- fast screen 980 1460 1770 
Screen-type film 

- no screen 11 13 13 


Non=-screen film 
- no screen Ay 53 51 
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TABLE X 
Distribution of chemical fog densities 


Films developed in Kodak Liquid Developer at 20°C, 
Screen-type films (A-M) developed 3 min,; non-screen type films (N-R) 
developed 5 min, 

S peed (r-1) with 


Film Type Medium Speed Screen Fog Density 
A 460 0,07 
B 560 0,10 
C 670 0,06 
D 700 0,10 
EB 820 0,06 
F 880 0,12 
c 880 0,09 
H 890 0,08 
I 900 0,06 
J 1000 0,05 
k 1190 0,09 
L 1430 0,11 
M 1550 0,05 
N 30 0,20 
O 14 0,13 
s 4b 0,13 
@ he 0.24 
R 53 0,17 

TABLE XI 


Distribution of contrast factors of screen-type films exposed with in- 
tensifying screens, 
Films developed 3 min, in Kodak Liquid Developer at 20°C, 


Film Type Contrast Factor 


PEI R SHO Ye CAPS 


YNUNNWNNNNWNNN 
OODLE EAN™N WDIOAAO 


= 
= 
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TABLE XII 


Distribution of contrast factors of two screen-type films 
(A and I) exposed without intensifying screens and five 
non-screen films (N-R) similarly exposed, Contrast factor 
is independent of beam quality when film is exposed with 
intensifying screens, 

Films developed in Kodak Liquid Developer at 20°C, 


screen-type developed 3 min; non-screen type developed 
5 min, 








HVL 

Film Type 2 mm Al 4 mm Al 6>mn Al 
A 1.8 1.6 1.7 
I 2.2 2.0 2,0 
N 1.9 1.8 2.1 
0 2.4 2.3 2.7 
P 2.3 2.0 2.2 
Q 2.1 2,0 2.3 
R 2.6 2.4 2.4 


a 
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TABLE XIII 


Variation of speed, fog, and contrast factor with development 
time for three medium speed screen-type films (E,F, and I) and 


a non-sereen film (0). 


Films developed in Kodak Liquid Developer at 20° c, 


Dev. Time epece Fog Contrast 
Film Type (Min) (R Density Factor 
E 2 700 0.08 2.6 
3 870 0.08 2.8 
4 990 0.08 2.7 
6 1090 0.07 2.8 
8 1150 0.07 3.0 
12 1430 0.10 2.9 
F 2 730 0.10 2.2 
3 860 0.13 2.4 
é a ae 7 
8 1220 0.26 2.4 
12 1270 0.33 2.3 
I 2 860 0.08 3.3 
3 1070 0.08 3.8 
SB oe 
8 1280 0.14 3.3 
12 1370 0.20 3.3 
0 2 38 0.12 2.0 
3 4} 0.13 263 
dy 4a 0.15 2.3 
6 4o 0.19 2.3 
8 yo 0,22 2.4 
12 Yi 0.32 2.4 


Variation of speed, fog, and contrast factor with developer 


TABLE XIV 


temperature for three medium speed screen-type films 


(E, § and I) and a non-screen film (0). 
Films developed in Kodak Liquid Developer. 


Screen-type 3 min; non-screen 5 min. 


Film Type 
E 
F 
I 
0 


Developer 
Temperature 
OC 


Fog 


Density 


0.08 
0.08 
0.18 
0.21 


0.12 
0.13 
0.23 
0.47 


0.10 
0.08 
0.20 
0.74 


0.11 
0.13 
0.29 
0.43 


Contrast 


Factor 


DWWH DOWO FEEF OO 
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Table X, This table shows the order of magnitude of fog levels, 
Film speeds are given for comparison purposes, 


Tables XI and XII, These tables show the contrast factor for a 
series of film types and the change in contrast factor for some film types 
with half-value-layer, 


Tables XIII and XIV, In these tables the effect of changes in 
development time and temperature on speed, fog, and contrast factor are 
shown for four common filns, 


Film Consistency Studies 


Measurements were made to investigate the month to month variation 
in the characteristics of radiographic films, A local supplier, who 
marketed all types of film, was requested to supply samples of all 
thirteen films each month from his regular stock, He was instructed not 
to add to his stock of film in anticipation of our orders, In this way 
a series of different emulsions for each film type were obtained, The 
study was carried out over a 12 month period, Table XV gives the results 
of the measurements for an Ilford film, Each test represents the results 
of the measurements made on one month's purchase, The emulsion numbers 
show that in some instances the same emulsion was supplied two months in 
arow, The range of speeds over the 12 month period was found to be 
from 475 R71 to 600 R-1, Contrast factors range from 2,77 to 3,17 and 
latitude from 0,5 to 0,57, 


Figure 31 is a graph of the variation of speed, contrast factor, 
latitude, and fog over the 12 month study, The range of the speeds is 
about t 10%, Fog densities were below 0,1 on this film and on almost 
all films tested, Figure 32 is the same presentation of the results of 
measurements on Fuji film, The range of speeds is less than that of 
ilford Standard, its contrast factor is slightly lower, and the fog levels 
are Slightly higher, The higher fog levels are probably due to 
transportation from Japan, Figure 33 shows the same information for 
Kodak Blue Brand film, A calculation of the standard deviation of the 
Speeds about the average speed for the year indicates that Kodak Blue 
Brand was the most consistent film, Dupont Cronex II exhibited the 
greatest variation in speeds of any of the films, However, the 
manufacturer marketed a new emulsion during the study interval and samples 
Were not received in chronological sequence, i.e, a sample of the new 
emulsion Cronex II-DC would be shipped one month and the following month 
a sample of the old emulsion Cronex II would be shipped, In the last 
few months of the study, when the only film being received was Cronex 
lI-DC, variations were much reduced, The results of the measurements on 
Cronex film are shown in Figure 34, 


Table XVIsummarizes the results of the study for all films, It shows 
the average speed, the standard deviation of the speeds, and a corrected 
standard deviation, The corrected standard deviation is the variation 
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which would be found in the film if the error of the measurement system 
Were 5%, 


Storage of Film 


Concurrent with the study described above, a single sample of each 
type of film was stored in an air conditioned room and measurements were 
made on each of these samples over a nine month period, These films 
exhibited no change in speed although the fog level increased by a factor 
of about 2, Greater fog increases were exhibited by faster emulsions 
and non-screen type films, 


The Effect of Day-to-day Darkroom Operations 


In a study published by Morgan and Chaney, a series of identically 
exposed films were supplied to radiologists' offices, other physicians 
With x-ray facilities, and to hospitals where both hand and automatic 
processing were carried out, Table XVII summarizes the results of this 
study. The high average exposure to produce a density of 1 in the other 
physicians offices and with automatic processing indicate that less 
complete development was being carried out in these installations, How- 
ever, the contrast factor was very close for all installations, The low 
fog value for automatic processing was surprising since other routine 
checks have shown the value to be closer to 0,2 density units, at least 
for 90 second processors, 


The conclusion of the study was that if complete development were 
practiced, there could be an exposure reduction of 40%, since for the test 
film an exposure of only 1.0 mR was needed to produce a density of 1.0 
above fog when fully developed. The contrast factor of the fully 
developed film was 26% 


An in-house study was performed on the automatic processors at Johns 
Hopkins Hospital, A series of identically exposed films were developed 
in the processors at the same time each day over a several week period, 
The speeds initially ranged from 500 R7! to 1500 R-1, At this point all 
processors were completely overhauled and subsequently the variation was 
much less, Samples continue to show low speed every Monday, before the 
developer was changed and occasionally great increases in speed were 
found due to some malfunction of the processor, When one person was 
made responsible for the maintenance of the processors, including mixing 
solutions, the variation was reduced to the point where changes in 
emulsion batches of the film could be detected, 


There have been other similar results reported elsewhere of this 


type of test, e.g. Kodak's customer trade process survey using Cineflure 
filn, 
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Film Speed Specification 


The subject of specifying the speed of radiographic film on the 
outside of film boxes requires some consideration, This would be 
desirable if it specified one of two things, Ideally, it should specify 
the speed of the film in reciprocal roentgens so the consumer would know 
the exposure required to obtain unit density on the film, Failing this, 
the consumer may wish to know the speed of a particular film relative to 
other films on the market, ANSI type film is in terms of the x-ray 
exposure required to give unit density under given conditions of exposure 
and processing, The unit is reciprocal roentgens, The standard for 
screen type film is, however, in terms of exposure to light of a given 
sSpectrun, The light spectrum was not chosen to approximate that of 
conventional intensifying screens, The speed is expressed in units of 
reciprocal energy, Again development conditions are specified, The 
developer specified for both standards, non-screen and screen type, is 
not a modern radiographic film developer, Presumably it is D-il. 


With these standards, the speed of screen type film cannot be 
expressed in reciprocal roentgens, This problem could conceivably be 
Overcome in the future with the development of a “standard” intensifying 
Screen, This would allow the exposure of the film to be related 
directly to the x-ray exposure to the screen or screens, The tentative 
problem here would be the development of new screens with emission spectra 
markedly different from conventional screens, 


Another problem immediately comes to mind, If it were decided that 
relative speeds were acceptable, would the relative speeds of all films 
developed in modern x-ray developers be identical to the relative speeds 
of the films developed in D-117? 


These are a few of the factors; there are probably many others; 
which will have to be considered or investigated before a useful speed 
number can be assigned to radiographic filn, 


DISCUSSION 


Q. Would you distinguish between fog and noise? 


A, Fog is a fairly even distribution of densities across the filn, 
Noise generates a visible pattern, a variation of density unrelated 
to variations in the x-ray beam, Even stains from processing could 
be classified as noise, 


Q. How does speed depend on the spectral quality of the beam? 


A, Speeds were measured at half-value-layers of 2, 4, and 6 mm Al, A 
greater dependence of speed on half-value-layer was found for films 
exposed with screens than for film exposed alone, When films were 
exposed with screens the variation of speed with half-value-layer 
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Q. 
A, 


Q. 


was greater for the faster screens, The speed increased with 
half-value layer, 


Was fixing always complete? 


The fixer was changed so frequently that there was no possibility of 
exhaustion, Fixing was always carried out well beyond clearing and 
followed by thorough washing, The only modifying effect of the 
fixer would be if the film was improperly fixed, then staining would 
result, 


Were any phantoms used? 
No, this was exposure to primary radiation only. 


How can film specification be written? 


This is becoming a common question, The final results of this study 
will list the properties of film and from this a list of specifications 
may be written, Speeds and contrast factors of one film relative to 
those of another manufacturer are not usually provided, There is a 
possibility of problems if the film is stored for a long pericd of 
time, perhaps in a warehouse, leading to higher fog levels, Storage 
in a refrigerator, or even an air-conditioned room, will keep fog 
levels low, Results are available for fogging as a result of up to 

9 months storage in an air-conditioned room, 


Is film speed for a particular type consistent to say, within 5%? 
Yes, We have examples of this for several types of films, 


To what extent do screens affect contrast factor and latitude? 


None, as far as we can tell, Certainly not within our experimental 
error of about 5%, This was an unexpected finding, 


ls reciprocity law failure a dose rate effect? 


Yes, Photographic people consider it from the dose rate point of 
view, We have considered it from the exposure time point of view, 
If time is decreased, the exposure rate must be increased, If speed 
depends only on exposure, regardless of exposure rate, then the 
reciprocity law holds, The reason is not clear - photographic 
chemistry to me is black magic and rather empirical, 


Assuming a 1/10 Second exposure gives a certain density, how much 
would the density change as a result of reciprocity law failure? 


Speed can fall off 40% as exposure times are changed from 1/10 second 
to 10 seconds, There is no reciprocity law failure, in the diag- 
nostic range of exposure rates, for film exposed directly to x-rays, 
i.e, without screens, It occurs only with exposures to light, 
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Q. How does a method of testing chemical processing using radiation 
exposure compare to light box test methods? 


A. Less variations are found by the light box exposure method, 


Fields Both Dr Bates and Dr Rossmann have presented a lot of work with 
different films, What dictates the choice of film in your 
department? 


Batess Since there are many films of similar quality, the choice within 
this group is made on the basis of economics, Obviously there are 
advantages to staying with one company for all films, I believe 
Hopkins makes a change about every two years, 


Rossmannt We use Kodak RP/L generally, and RP/R for special work, 
RP/L has the pulled down shoulder as an attempt to increase latitude, 
without reducing contrast up to a density of about 1,6, above which 
the gradient drops, We choose this because the radiologist does not 
like high contrast film - for his own diagnostic reasons, RP/R we 
choose because the speed is twice that of ordinary RP and it allows 
us to uSe slower screens and get a better image, We use Kodak, 
partly because there is a complete package, film and processor 
maintenance and we have had no reason to change, 


Q. What was the original reason for blue base film? Was this an 
attempt to avoid light getting through to the other emulsion? 


Batess I think it was considered aesthetically better; not much thought 
had been given to the interplay of light back and forth between 
the screens when this base came on the market, If there were a good 
scientific basis, why aren't all films blue based? 


Krohmers Is there any connection between that and print through? There 
is a fairly important characteristic of a pair of screens and a 
double emulsion film, that about 20% of the image on the back 
emulsion is due to the front screen, A few years ago one film 
company tried a film with a 4 mil rather than a 7 mil base and 


unquestionably the images were better, Blue base might help stop 
Print through and improve resolution, 


Batess I have found the transmission for white light through undeveloped, 
unexposed film is about 15%, which means that the image from one 
screen is transferred through the film to the other emulsion, If 
you prevent this you improve resolution, but lower the speed of the 
film-screen combination, 


Wrights I've learned from a Dupont representative that they had tried a 
base with an anti-print through die which washed out in processing 
to give a clear base, but the customers still preferred the blue base 
as it was less glaring, One company at the RSNA showed a very blue 
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based film that you viewed through an orange transparency sheet, 


Comments I understand this shifted the H & D curve, It was investigated 
at Wisconsin and it does seem that the latitude is increased, 


Rossmanns At Kodak we asked ourselves why blue base? The answer was 
that Dupont did it first, so the others had to, According toa 
color expert, Dr Macadam, in the kodak laboratories there is no 
visual advantage to it, no contrast enhancement, We made both 
types and compared them, Fersonally I liked the blue, the whites 
look , . , Whiter, 


Comments I was once told that the reason was connected with the type of 
illumination available on view boxes, 


Fields: But you get white and blue illumination now, sometimes in the 
Same view box, 


Wright, This brings up another point, Over 90% of radiologists use 
the same size view box whether they are looking at an 8" x 10" ora 
144" x 17" film so frequently they have a surrounding white glare, 


Rossmanns Or worse yet, a whole wall of boxes all illuminated, and a 
little radiograph in the middle, This of course reduces the contrast 
in the high density region, and this is well known, But, when the 
question is brought up the problem is: is it operationally easy to 
do it any different way? There are view boxes that can be shuttered 
down - but this takes another motion, and more time, 


Q, Do the companies supply their own H & D curves, or do you have to 
measure them? 


Batess All that the companies will tell you is that this is their fast 
(or medium or detail) film, and there is no way to intercompare them 
from the information they supply, This is why there is such a push 
to get the companies to stamp their films with some sort of speed 
number, In practice, the films of Dupont and Kodak, for example, 
are very close in speed, They seem to stay in very close competition 
with each other, The same sort of thing is true with screens - you 
get high speed, par speed, detail and ultra-detail quotations, With 
the films and screens available you can get a spread in speeds from 
150 to 3000, a factor of 20, 


Wrights: You mentioned screens, do they vary much with time? 


Bates: They suffer more rapidly from mechanical damage than from 
deterioration of the crystals or any similar effect, 


Q. If you assume a focal spot as a point source with sufficient power 
(output) to stop motion in any part of the body, and you use the best 
film available - mammographic, industrial, or whatever is finest, 
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forget about the dose to the patient, then what kind of thing could 
you see on that film compared to what we see in the average examin- 
ation today? How much more are we capable of seeing? 


Batess Foint source, no exposure limitation, no scatter, finest filn, 


no law suits, On a detail type screen film system, the MTF falls 
to the 10% level at around 12 lines per mm,, so you could easily 
resolve 12 sinusoidal waves per mm, The MIF of film alone goes out 
to around 200 lines per mm, for 10% contrast, For objects in the 
body, where the contrast is less, I believe the ultimate is about 

30 line pairs per mm, using a 3 power magnifying lens to view it, 
This is probably limited by the focal spot and not by the filn, 

Type M is capable (under the kV conditions for which it was designed) 
of something like 150 lp per mm, but in the diagnostic region, about 
30 lp per mm at 10% contrast, Using extremely low kV's, pushing 
the film to a density of 4 or more (with non-screen film the slope 
continues to increase as the contrast improves), using extremely 
bright light viewers, darkened rooms and so forth, then the limit is 


probably about 30 line pairs per mm, The focal spot will be very 
critical under these circumstances, 


Wrights Would it be correct to say that the variations between similar 


types of films and similar types of screens are small compared to 
the variations that technicians can put into the final product? 


Bates: I don't really have too much feeling for the amount of variation 


the technician puts in, Really, the only thing she can control 
basically is the position on the H & D curve, under or over exposure, 
Most of the remainder is fixed by the systen, Possibly, if she is 
not careful, there may be motion during exposure, 


Wrights Hanson Blatz at an RSNA meeting, where he was talking about the 


Q. 


licensing of x-ray equipment in New York city, told of the physician 
(not a radiologist) who used the same set of x-ray factors, kV, ma 
and time, for all his radiographs and varied the development 
according to the part being radiographed, I think it is possible 


by non-optimum settings and processing to make some of our conclusions 
more academic than factual, 


Why is the energy requirement for photons to produce a developable 
grain so different for x-rays compared to light? 


Rossmans When 1 x-ray quantum is absorbed in a grain, it produces a 


latent image, but in screen-film systems, where you are dealing with 
light, it takes a minimum of 4 light photons to be absorbed per grain 
to make the grain developable, This is where latent image fading 
comes in, If, for example, there have been only three hits and none 
for a while, the effect of the three fades out, 
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Stantons It's analogous to the multiple hit theory, 


Q. But aren't the light photons much more efficient than the x-ray 
photons, in terms of energy absorption? Can you get more than one 
developable center? 


Rossmans You can, depending on the energy, get clumping or chain 
exposure, 


Bates: In terms of energy use, you can get (Coltman measured this) some 
500 light photons for each x-ray photon absorbed in a screen which 
can produce Several developable centers, While 4 light photons 
each of a few eV will produce one developable grain, it needs one 
x-ray photon of several keV to produce the developable grain, You 
have overkill, 


Fieldss You run into this when you do autoradiography; the best imaging 
is done with the low energy betas from carbon and tritium, If you 
go to iodine or any of the higher energy beta emitters, you end up 
with a very poor autoradiograph and a relatively poor use of the 
absorbed energy. 


Q. Is the response then a function of the wavelength of the light? 


Bates: Film has a certain spectral response which falls off at the 
higher energies, but how this is related to developable centers, 
I'm not sure, 


Rossmanns We have done some chemical sensitization, developing ortho- 
chromatic and panchromatic film, The natural sensitivity of silver 
halide drops off at 5000 8, quite rapidly, but it can be pushed into 
the red or green by chemical sensitization, 


Bates: However, this is not necessary, since the screens (calcium 
tungstate and barium lead sulphate) have emission spectra which 
match film sensitivity, in the blue, In fluoroscopy, through the 
use of different materials, the emission spectra is in the 
yellow-green region, to which the eye is most sensitive, 
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RADIOGRAPHIC RESOLUTION STUDIES USING 
SIMULATED ANATOMIC TEST OBJECTS 


Leonard Stanton 
Hahnemann Medical College 
Philadelphia, Pennsylvania 


In more than 90 per cent of x-ray examinations, 
radiologists accept remarkably poor detail resolution. 
This is because the diagnosis is almost always based 
on gross images of high contrast. In fact, undue pre- 
occupation with fine detail can sometimes actually 
detract from recognition of desired information. The 
classic example is the overlooking of a missing breast 
or shoulder and arm by a radiologist searching for 
minute lung details in a borderline normal chest roent- 
genogram(l), ft is only necessary to observe a master 
diagnostic radiologist at work for a few hours to 
realize that most diagnostic decisions are based on 
gross departures from "normal" familiar roentgen image 
patterns. 


However, two categories of important studies differ 
from the majority in that they require maximum detail 
resolution. The first includes thin parts, say of 4 to 10 
cm thickness, such as the breast and extremities. Use 
of contrast media is usually not feasible, so natural 
tissue contrast must be enhanced by use of low kilovoltage 
and filtration technique. Essential details may be con- 
siderably smaller than 0.5mm. Direct film exposures are 
hence usually employed rather than screen technique, often 
using fine grain films of low speed. As a result exposures 
of seconds are commonly required, with significant x-ray 
dosage to the x-ray entrance portal area (order of roent- 
gens). The second group includes circulatory studies of 
the head and torso, in which x-rays may traverse parts 15 
to 30cm thick. Contrast media are injected into major 
feeder arteries to visualize small vessels; such media may 
contain as much as 0.3g of iodine element per ml solution 
before dilution by the blood. The iodine is bound to 
appropriate organic molecules, in order to achieve four 
necessary properties: high iodine concentration; chemical 
stability; reasonably low viscosity; and tolerable toxicity, 
an especially important consideration in cerebral studies. 
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The detection of small details requires that minute 
radiographic images be preferably sharp and of high con- 
trast. However a great many interrelated technical 
variables are involved, so that selection and evaluation 
of the best technique for a given study becomes a fairly 
sophisticated task. This chapter considers our group's 
approach to this problem. Our coverage is in four parts: 


I. Basic principles of image recognition 

II. Mammography - cancer detection and patient dosage 
III. Small vessel angiography 

IV. Evaluation of fine focus x-ray tubes (0.3mm). 


Tomography is discussed in a separate chapter, because 
it is of primary use to highlight moderate rather than tiny 
size objects. 


I. Basic Principles of Image Resolution (2) 


Before discussing our experimental work we shall briefly 
review important aspects of radiographic detail recognition. 
These include the visual stimulus, statistical limitations, 
and the difference between visibility and detectability of 
small images. 


A. Visual Stimulus 


Certain preconditions are obviously required in search 
for visual detail, such as adequate brightness without 
excess glare and reasonably healthy eyes optically corrected. 
When such requirements are met, the retinal stimulus (s) is 
roughly proportional to the fractional time rate of change of 
luminance (I): 


s = k,(dI/Idt) (1) 


Thus, a gradual is less apparent than an abrupt change 
in brightness. This is probably of evolutionary significance, 
since a sudden shadow or flash of light could signal survival 
information, such as reflection from water and motion of prey 
or a predator. 


Classic experiments show the eye has a narrow region 
of maximum sensitivity which is reduced 50% only two degrees 
of arc on either side. This corresponds to a 2 cm circle at 
usual 25 cm reading or film viewing distances, so it is 
clearly necessary for the eye to scan in order to examine a 
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full scene, book or roentgenogram. The main stimulus when a 
constant light source such as a lamp or viewbox is used 
arises from the variation of luminance with spatial posi- 
tion. Since the eye's scanning speed for a given person is 
reasonably constant, the visual stimulus is hence given 
approximately by the spatial intensity gradient: 


s = k(AI/IAx) (la) 


It is noteworthy that the eye sees a fixed scene only 
when scanning occurs. It can be demonstrated that if you 
are able, through discipline or constraint, to focus on a 
specific object long enough it will fade from view (due 
to the fading of the brain's memory). However, if you then 
shift the object slightly the image will promptly return. 
This is often called the "Walls effect." 


Contrast - the two definitions 


Figure 1 shows a simple image of an area in a uniformly 
bright field. Note there is a difference AI in this area 
from the general background luminance I, and that the change 
occurs over a finite width Ax due to some image blurring or 
unsharpness factor. From (la) it is evident that for the 
"photon rich" viewing situation assumed the stimulus is 
proportional to the product of (AI/I) or "contrast," and 
(l/ax), the "image sharpness." In search for small anatomic 
objects, contrast is low - say 10% or less - and (AI/I) is 
a useful measure. (Note the units of sharpness are per mn - 
as we shall see later, actually line pairs per mn.) 


As other lecturers will show, many radiologic situa- 
tions are "photon-poor." This is often due to limited 
x-ray irradiation*, as in image intensification work, and 
high contrast is required to overcome statistical limita- 
tions. In such situations a more useful definition of 
contrast is (I ,-I)/(Io+tl), where "Io" replaces I and "I" 
replaces (I+AI) of Figure 1. The advantage 


*Such studies involve thick body parts of the torso and 
skull, for which attenuation is great. In addition, these 
parts include the major blood forming and reproductive 
Organs so fewer x-ray photons are permissible. 
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Figure 1. Simplest image: uniform field 
brightness with one atypical area. 
See text for definitions. 
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of this definition is that contrast can reach a maximum 
of 100% for 1=0, analogous to 100% modulation of a radio 
wave, and the simple (AI/I ) concept becomes ambiguous 
for high contrast. 


For reasonable size objects in a photon-rich situation 
the eye can typically barely see a visual contrast of 
about 1%, with an octave range either way depending on the 
individual eye, light hue, and the observer's training. 
Thus, black and white radiographs are limited practically 
to considerably less than 100 luminance contrast steps; 
more steps would be possible if radiographs were in color. 


If contrast is great and luminance adequate, the cor- 
rected eye can see rather small objects, corresponding to 
roughly 1 minute of arc. At a 25 cm viewing distance, this 
represents an object size range of roughly 1/20 to 1/10 mn. 


Blur or "unsharpness" 


Roentgenologic images are blurred by four causes: 
penumbra, motion, imperfect x-ray recording systems, and 
inherent image unsharpness. 


Figure 2 shows the classic simplified picture of 
“geometric blur" or penumbra produced by a finite size x-ray 
tube focal spot assumed to be uniformly emissive. The sub- 
stantial focal spot F imaging a highly simplified line 
object yields a penumbral region pP at each side, given by 

P= F(m-1), where m is the magnifi- 
cation or enlargement factor (image/object size for a point 
source, or ( a+b)/ a). Since the magnification may vary 
greatly a normalized quantity we call the "equivalent 
penumbra" - P/m = F(1-1/m), - is a less misleading parameter 
than the penumbra itself ). For example, in magnification 
technique the penumbra increases greatly, but so does the 
image with which it is compared, so the ratio is not reduced 
correspondingly. The equivalent penumbra (E.P.) characterizes 
one of the x-ray optical imaging system variables which is 
expensive to reduce beyond a certain level for practical 
reasons. It is instructive to compare typical E.P. values 
for the studies of interest here: 
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INTENSITY 


PENUMBRA: P = F (m - 1) m = (atb)/a 
EQUIV. PENUMBRA: P/m = F (1 - 1/m) 
a ee 


Figure 2. Simplified version of geometric blur 
or penumbra. Equivalent penumbra (E.P.) 
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Table 1. Comparison of Nominal Equivalent Penumbra Values 
for Various High Resolution Study Techniques 


Study Factors m F-mm (P/m) -mm 





Angiography 36" TFD, 6" OFD L 2 1.25 a2. 
2X enlargement 2 0.33 eat 
3X enlargement 3 0.33 e22 

Mammography 18" TFD, 3” OFD Ls2 1i25 2k 
28" TFD, 3" OFD L-2 2.0 ~22 


It is remarkable that an equivalent penumbra of 0.2mm seems 
clinically acceptable in a variety of fine detail techniques. 
Any furthur reduction requires finer focal spot sizes which 
are difficult to achieve while retaining adequate x-ray tube 
capacity. 


Figure 3 indicates how motion and detector blur arise. 
Motion blur is commonly caused by gross motion of the object 
such as that of the heart, lungs and breast. Motion blur can 
also occur in serial angiography if film or cassette motion 
is not synchronized with exposures. Figure 3b is qualita- 
tively illustrative of the recording system line spread effect 
which Dr. Rossmann will cover in greater detail. With regard 
to detector resolution, film can be an order of magnitude 
better than intensifying screens, which in turn are slightly 
superior to image intensifiers. 


Newell and later Morgan (4) considered how to combine 
several sources of blur mathematically to compute the total 
effect. They arrived at the expression: 


B Be Pe sa 2 
Sere. ee Deg (2) 


Thus blurs add vectorially rather than arithmetically. 

The important rule of thumb conclusion is that the total blur 
will be only slightly greater than the largest individual 
value, assuming it is twice as large as any of the others. 


So far we have considered unsharpness introduced by 
the x-ray optical and detecting systems. In addition un- 
sharpness is inherent in the anatomic subject (Figure 4), 
as pointed out by Seaman‘>5). It is evident that the image 
of even a square moderate contrast object has blurred mar- 
gins, due to non-coincidence of oblique rays with edges of 
the object. 
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Le OBJECT NARROW 
MOTION SLIT 


a ree INTENSITY / ; 
MOTION BLUR DETECTOR BLUR 


Figure 3. Examples of blur formation. Left: from object 
motion during exposure. Right: detector produces 
broad optical image from narrow x-ray image. 
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Similar round objects produce images of even greater blur. 
This is unfortunate, since the commonest subjects of interest 
are roundish tumor, vessels and other moderate contrast soft- 
tissue objects, for which contrast decreases greatly towards 
the edges. Consequently the image does not accurately reflect 
the shape of the object. Also, those of lower contrast appear 
reduced in size. For example, a 0.25 mm vessel, even when 
directly imaged near the film, may appear only 0.2mm wide, 
since the margins are lost in noise. The very detection of 
small objects is jeopardized by this effect. 


Figure 5 illustrates that blur not only always reduces 
sharpness, but can also reduce the contrast of smaller images 
as well. Penumbra blur is used as a convenient example, but 
the effect is perfectly general. The left image is the sharp 
type one would prefer. The center image indicates significant 
penumbra blur, but the image contrast is not affected. The 
image on the right, with the same blur, is not only unsharp 
but also greatly reduced in contrast. If the image size is I 


and the blur B, the reduction of contrast is given to a first 
approximation by: 


c/C, = I/B (3) 


For Ils@B there is no reduction in contrast, for this 
simplified theory, but in practice there may be significant 
reduction even for I slightly larger than B. In mammography 
"I" might be less than 0.25mm, which is of the order of simple 
penumbra in most techniques: The effect is also significant 
with intensifying screens, and tends to limit what can be 

seen in angiography unless magnification is employed. 


In the search for small low contrast images blur is 
evidently an unmitigated evil to be minimized. However, 
recall that in most studies relatively large images are 
sought, and small high contrast images can actually consti- 
tute image noise. For example, the skull casts many high 
contrast small images which may be superimposed on either 
soft tissue or other bony structure images. One would like 
to minimize contrast of the undesired while preserving con- 
trast of the desired images located at different levels in 
the skull. This is accomplished by deliberately blurring 
out offending images, generally by simultaneous motion of 
the tube and cassette system. This sort of procedure is 
called "tomography" or "zonography," depending on the 
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amplitude of motion; we shall consider it briefly in a sepa- 
rate chapter. However it is important to note that the 
blurring action results from a deliberate beam motion at the 
level of the undesired object, with negligible motion at the 
level of the desired object. 


Edge enhancement (6) 


The intensity gradient of Figure 1 is limited by blur. 
Fortunately means exist to increase the effective gradient; 


the process, called edge enhancement, is illustrated in 
Figure 6. 


At the top is shown a typical blur function I(x). 
Note this is actually slightly sigmoid in shape rather than 
straight as indicafed previously in the oversimplified ver- 
sion. dI/dx and d°“I/dx” are shown below I(x), and 
(I - kd2I/dx2) at the bottom. It is evident that the bot- 
tom image would produce a larger visual signal than the top 
one. Gov toustys the greater the value of either k or 
d“I/dx* the greater the edge enhancement. 


The eye-brain combination performs edge enhancement 
routinely. This is called the "Mach band effect". It can 
be demonstrated on a step-wedge radiograph by covering the 
lighter side of a step with a piece of opaque cardboard, 
then removing it; the edges appear sharper with the card 
removed. This "optical illusion" is another evolutionary 
development which permits greater edge perception than 
otherwise by effectively increasing the contrast gradient. 


Edge enhancement is potentially quite useful, and 
techniques have been developed to produce the effect in 
x-ray images. One method is xeroradiography, in which a 
charged semiconducting selenium plate is exposed to the 
x-ray beam. Charge selectively leaks off areas of higher 
x-ray intensity by photoconductivity, resulting in charge 
distribution images on the plate corresponding to the x- 
ray intensity distribution. There are consequently poten- 
tial gradients between adjacent charged areas. When pow- 
der is added to the plate the edge fields cause pileup of 
powder at regions of maximum charge gradient, producing 
considerable edge enhancement. Xeroradiographs are very 
attractive to the eye, with minute details highlighted 
beautifully, so much so that the radiologist must be care- 
ful lest he confuse relevant and irrelevant detail. A 
new commercial system is now available. 


Edge enhancement can also be achieved by underdevelo- 
ping films, since silver tends to migrate during development 
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6. Edge enhancement image manipulation. 
Initial image I (x) 


First derivative dI/dx 


Second derivative d* I/gx?2 ; 
Edge enhanced image [I - kd°“I/dx%*] 
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to dense areas from adjacent lighter ones. A third method 

is electronic, using appropriate filters and ampli- 

fiers; this can potentially be applied wherever television 
systems are employed for viewing the roentgenographic image. 
It has so far found application primarily in high contrast 
studies employing image intensifier systems with television, 
because of the limited gray scale of television tubes. 


B. Statistical Limitations 


Statistics inevitably enters roentgenology as a direct 
consequence of the photon nature of x-rays and light. In 
some situations a limited number of x-ray photons per mm 2 
reach the detector; this is usually necessary to protect 
the patient from excessive irradiation to blood forming, 
gonadal, and other critical organs. In applications covered 
here statistical limitations arise also from the small size 
objects considered, each of which may attenuate only a limited 
number of x-ray photons, especially near its margins. In 
some other applications (image intensification fluoroscopy) 
conversion to light photons and their communication to the 
eye may be inefficient, so here light photon scarcity sets 
the limits. The end result is the same: adjacent areas may 
be indistinguishable simply because there are too few photons 
to demonstrate them as unambiguously different. Referring 
to Rose's original approach, we shall indicate the basic 
quantities involved, and illustrate the practical result with 
a simple calculation ry. 


Figure 7 shows adjacent areas of an image we seek to 
distinguish. The surroundings have N photons/mm2, while 
in the area of interest photon density N, differs from N 
by the fraction €i.e., N, = N(1+€). By the simple con- 
trast definition, & is then the effective contrast C. 
Dealing with light photons, Rose showed that the minimun 
detectable contrast under these circumstances is given by: 


ff a (4) 


Here k is a constant of about 8 for light, somewhat 
different for x-rays. In the present discussion the image 
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of interest we wish to detect might be a calcific speck, 
bone trabecular detail, portion of a fine blood vessel - 
in general a small area in the radiographic field of 
view. For a larger image N can be larger; this permits 
differentiating a lower contrast object from its surroun- 
dings, until the visual contrast threshold is reached. 


To state the situation concisely: 


1. For any given size area, the more photons available 
(N) the smaller need be the contrast (C). 


2. Conversely, the smaller diameter (d) object one seeks, 
with consequent reduction in (N), the greater the re- 
quired intensity and/or the higher the required con- 
trast. 


This implies the requirement: (CN) o¢ 1/4’. Consequent- 


ly the ability to detect a slightly smaller object is u- 
sually bought at a large cost in either required image 


contrast or patient dosage. Table 2 illustrates the point, 
using k = 8 in equation (2): 


Table 2. Needed Total Photon Numbers to Yield 95% Detection 
Probability, for Assumed Subject Contrast Values 


Photon Number Photon density 
Contrast--% (optical) 0.125mm* area 


1 80,000 10,000 
2 20,000 2,500 
5 3,200 400 
10 800 100 
20 200 25 


The photon requirement is a basic fact of life, and 
cannot be circumvented. Fortunately large objects of high 
contrast are detectable with minimum patient dose - a fact 
useful in gastrointestinal studies, for example, using 
image intensifier and appropriate television techniques. On 
the other hand, mammography and small vessel search studies 
can succeed only with higher patient exposures. 
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To keep this aspect of the problem in perspective, it 
is important to recall that in addition to statistics the 
following additional factors also help limit detectability 
of small details: 


1. Subject contrast of round objects falls rapidly 
with size - roughly in proportion for small blur, 
even faster with substantial blur. 


2. Object curvature of small objects is great, so 
margin contrast is reduced disproportionately. 


3. Detector resolution can become a major factor, 
both from a blur (screens) and granularity 
(film grain) point of view. 


C. Detectability versus Visibility 


A given detail is said to be visible if it is quickly 
seen when its presence is known. If search is necessary, 
it is still considered visible if a minute or two of search 
identifies the image unambiguously, but there are rapidly 
diminishing returns for prolonged search in radiology. It 
is evident that visibility is strongly affected by vision 
quality of the observer: a young 17 or 18 year old student 
technician is usually superior to a skilled 40 or 50 year 
old radiologist in this regard. For example, in our tests 
one technician could see calcific speck images only 0.175 mm 
in diameter versus 0.3mm for an aging master radiologist, so 
visibility must be considered essentially as an "eye test" 
phenomenon. 


With rare exceptions radiologists must evaluate 
roentgenograms with great speed simply to complete a sub- 
stantial volume of work. Detection of important details 
must hence be accomplished in a few seconds rather than 
minutes. It is remarkable how well a skilled conscientious 
radiologist detects visible details, likely as a result of 
training and experience, in which the search is expedited 
by recognition patterns. However, Tuddenham has described 
how fatigue, momentary distraction and similar factors 
adversely affect all diagnostic efforts. 


One could thus say that the detectable size image is 
always larger than the visible, which can only be approached 
as a limit. Prereading of mammography films by specially 
trained bright technicians would help close the gap, and has 
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already been tried successfully in other roentgenographic 
situations. 


Study has shown the eye-brain combination detects 
information mainly by pattern recognition. For this reason, 
linear objects such as vessels and tumor strands are much 
more effectively recognized than isolated calcific specks, 
which are extraordinarily difficult to detect, as shown 
below. 


iL« Mammography - Cancer Detection and Patient Dose 


Breast cancer affects about 5.5% of women in the United 
States, causing at least 10% of all female cancer deaths. 
Self-examination and heroic surgery have not significantly 
reduced mortality from this cruel disease in recent decades, 
which several years ago replaced uterine cancer as the 
commonest type in women. Mammography was used with poor 
results until Leborgne in 1951 and Gershon-Cohen and Ingleby 
in 1953 developed better techniques. Unfortunately the 
examination was not performed generally until Egan's paper 
on 1000 cases in 1960. Physicists at Memorial Hospital 
first reported on their work in 1961, and we at Hahnemann 
on ours in 1962. Since then our group has sought to opti- 
mize techniques of all kinds and to determine the inherent 
limitations of mammography (8). Hopefully the present 
discussion can help newer investigators avoid familiar 
ground. 


Breast carcinoma attenuates x-rays very similarly to 
most non-malignant soft tissues, such as supporting liga- 
ments, milk glands and ducts, and blood vessels; as well 
as fluid cysts and fibrous tissue commonly caused by benign 
disease. Differential diagnosis is extremely difficult in 
young women, but becomes more practical in those of meno- 
pausal age in whom glandular tissue has undergone substantial 
fatty degeneration. Tumor masses and strands can be high- 
lighted using low kilovoltage and filtration technique. 
Contrast between tumor and fat results from the favorable 
density ratio (1.02 vs. 0.917) and atomic number ratio 
(7.5 vs. 5.35, approximately). The difference arises from 
the high triglyceride content of fat cells versus water-like 
material in tumor cells. At photon energies of 10 to 20 
keV photoelectric interaction predominates, and the linear 3 
attenuation coefficient ratio becomes (1.02/.917)(7.5/5.35), 
about 2 times, producing good contrast results. Higher 
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kilovoltage technique introduces much Compton photon 
interaction, for which fat and tumor have similar at- 
tenuation, reducing contrast greatly. 


In addition to direct tumor visualization there is 
a second cancer sign first noted by Leborgne: "punctate 
calcifications of random distribution". This finding 
is particularly helpful in younger women in whom gland- 
ular tissue tends to obscure tumor images. Unfortunate- 
ly only about one third of proven tumors show calcifi- 
cations in roentgenograms, even though they are present 
in at least two thirds of excised tumor specimens. Thus 
at least half are lost in mammography for mainly techni- 
cal reasons. Other problems are occasional benign breast 
disease which calcifies in classic malignant disease 
patterns, and spurious white speck areas that look like 
calcifications. The problems facing the mammographer are 
many and difficult, and any physics and engineering help 
is almost always welcomed. 


Our group has sought to achieve two goals. The 

first is to improve image contrast and resolution by op- 
timizing exposure technique. The second is to establish 
some reasonable estimate of the ultimate limits of detect- 
able detail, so that complementary methods may be sought 
to routine mammography, such as thermography and infrared 
photography, tomographic radiography, and skilled palpa- 
tion. 


A. Variable Technical Factors 


Table 3. X-ray Detector Speeds* 


R-Film with 
Film R--s.-coated M AA No-Screen Single Screen 


Rel. speed 1/4 1 2.5 15 More than 30 


*A new xeroradiography system is claimed to at least equal No-Screen 
film in speed, but we have not yet tested it. We standardized on 
Kodak film, but other manufacturers supply equivalent types. 
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In seeking optimum technique we quickly learned that 
detail and contrast factors tend to be inseparable. Per- 
haps the most crucial single variable is the detector, 
which affects detail directly by its resolution and con- 
trast implicitly by its speed. Table 3 compares detector 
speeds, taking Kodak M-film as a reference. For several 
years there was a raging controversy regarding the use of 
types M ‘and No-Screen film, which illustrates a basic 
technique dilemma. M-film is very fine-grained, and un- 
doubtedly potentially demonstrates finer details than 
No- Sreen film for the same kilovoltage. However, its 
slowness necessitates much higher kV technique (order 
of 40 vs. 25 kVp) for acceptable exposure times even when 
high tube current is used, so the final contrast is 
greatly reduced. (AA film is a compromise.) Currently 
some people are returning to an improved screen-film con- 
bination for mass screening purposes, using a single-coated 
film held intimately against a fine detail screen in a 
vacuum or pressure cassette to assure good contact. 
Cassettes are usually planar, but could be contoured. 

High speed is an obvious advantage. Detail is necessarily 
less than that of directly-exposed film, but this loss 

may be acceptable because skin dose is much less. For 
example, we may be able to detect 0.25 vs 0.20 mm minimum 
size calcifications, but the resolution loss may be 
justified because mass screening is permissible, which may 
permit earlier widespread detection of the disease. The 
benefits to be expected with faster exposures in reducing 
blur has often been mentioned in this connection, but 
experience indicates motion blur in multi-second exposures 
can be adequately controlled by a skilled technician. 


Penumbra blur for bremsstrahlung beams is about 0.2 mm 
for both the Egan (2 mm focal spot, 28" TFD) and Gershon- 
Cohen type techniques (1 mm or less, 18" TFD). Two new 
Machines have recently become available which are specifically 
designed for mammography: the Senograph (CGR) and the 
Mammorex (Picker). Both use molybdenum target tubes with 
a thin molybdenum filter, giving a strong line instead of 
bremsstrahlung spectrum. The Senograph has some very 
attractive features. It is very convenient to use and 
can be run continuously without tube damage. However, it 
is designed for a short TFD. The Mammorexis also con- 
venient, and uses a longer TFD (27" versus 13") with 
al mm effective focal spot, yielding a very small penumbra 
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of .08 mm versus 0.18 mm for the Senograph - a potential 
important advantage. However, the Mammorexmust be 
operated with adequate cooling intervals to avoid anode 
damage.* 


Thus far we have considered primarily detail resolu- 
tion. Contrast is equally important; it depends on the 
use of breast compression and the x-ray spectrum employed. 


By compressing the breast it is possible to reduce the 
thickness penetrated about 25% from 6 to 4.5 cm typi- 
cally, in the portion away from the chest wall. This is 
quite useful since more than half of breast cancers occur 
in this portion and reduction of scatter by compression 
can be very helpful. In most of the new machines thin 
lexan cone covers are used to achieve compression with 
minimum x-ray absorption. However, one cannot confine 
the study to the compressed portion, lest a significant 
number of tumors in the upper medial and lateral quadrants 
as well as near the chest wall be missed. This requires 
using the Senograph at greater distances, or else the 
Mammorexor ordinary tubes at 27" or greater TFD. Ribs 
should preferably be visible on the breast film if one 
seeks full coverage. 


Figure 8 compares the basic characteristics of spectra 
(estimated) for tungsten and molybdenum target tubes both 
operated at 30 kVp. Molybdenum has a K - discontinuity at 
20.0 keV, with Ky and Kg emission around 16 to 18 keV. 

The tungsten spectrum for a conventional tube cuts off at 
about 10 keV due to the inherent filtration of the tube, 

and with 30 kV operation the spectrum rises to a peak 

near 12 keV corresponding to the tungsten L - characteristic 
radiation. This low energy peak is not so important as the 
fact that in a bremsstrahlung beam there is considerable 
radiation above 20 keV, which readily penetrates the typical 
breast and reduces subject contrast. The molybdenum target 
tube has two properties that differentiate it from the 
tungsten target tube. First, because its atomic number is 
lower than that for tungsten its bremsstrahlung spectrum 

is of lower intensity. Second, its characteristic radiation 
is quite intense and adds a good deal of monochromatic 
radiation; this is of an energy just about optimum to both 
give good contrast and to penetrate the compressed breast 


*Recently many other units have become available similar 
to the Mammorex, but we have not yet tested them. 
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Figure 8. Computed x-ray spectra. 
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sufficiently. Radiation below this energy is absorbed 
within the breast and simply contributes to patient dose, 
while higher energy radiation tends to reduce contrast. 
The 30 micron molybdenum filter further reduces radiation 
above 20 keV and the very low energy radiation whose 
attenuation coefficient is very high; it thereby emphasizes 
the desired photon energies. Since the K discontinuity is 
at 20 keV, there is effectively a ‘hole’ in the filter, 
which acts as a useful narrow photon energy gate. Un- 
questionably the advantage of the molybdenum tube is the 
higher contrast roentgenograms it can produce. 


In passing it should be pointed out that it is possible 
to duplicate the contrast of a molybdenum tube by 
using a conventional unit with no-screen film. Thus the 
high contrast of the molybdenum tube can be duplicated by 
a conventional unit operated at a true 22 - 23 kV, 600 mAs 
and a 18 - 20" distance. 


B. Phantom Studies 


Design of phantom 


When a physicist looks into the question of the design 
of a phantom he is tempted to consult an anatomist, but 
this may be very misleading: There are three possible 
approaches to simulating a cancerous breast: a surgical 
specimen, a realistic moulded phantom, or a highly simpli- 
fied device with uniform absorption. Surgical specimens 
are unsuitable for several obvious reasons, not the least 
of which is that they are necessarily damaged and bloody. 

A sculptured realistic breast model can be made so that its 
details approximate those being sought. This is useful as 

a teaching phantom, whose radiographs compare well with 
those of a real breast. We in fact spent 18 months develop- 
ing this type which an anatomist or roentgenologist would 
find useful; however, for a resolution study this is not 

the answer. Our final solution was a phantom with a flat, 
blank background containing only the details sought, and 
avoiding obscuring detail. Such a phantom can be used for 
quantitative measurements and enables one to determine the 
smallest size diagnostic details detectable under ideal 
conditions. The approach is to use objects of graded size 
to establish a threshold for detection. Panels of observers 
(including both radiologists and paramedical personnel) 
estimated the smallest size objects both visible and 
detectable. 
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The phantom must match the actual breast in overall 
attenuation. We chose 6cm thickness as typical of the 
pre-menopausal breast (on the advice of a technologist who 
has taken thousands of mammograms) and a 4.5cm thickness 
as typical for the compressed breast. The uncompressed 
breast was simulated by 7 polyethylene sheets each 1/4 
inch thick plus 3 plexiglas sheets of the same thickness 
(a total of 6.35cm), while the compressed breast was sin- 
ulated using 3 thickness fewer polyethylene sheets (total 
of 4.45cm). 


Test objects were designed to produce slightly greater 
contrast than the objects we were attempting to simulate, 
to deliberately get an overoptimistic figure as to what was 
detectable and to err conservatively. Since the real 
objects are basically round, test objects were also. For 
the ‘calcific specks' we used aluminum cylinders of height 
equal to their diameter, ranging in size from 0.35 to 
0.075mm. They were exposed with their axes perpendicular 
to the beam. The choice of aluminum merits some comment, 
since its atomic number is 13 and its density 2.7gm/cm3. 
Bone mineral has been reported as having an effective atomic 
number of about 15 or 16 and a density of about 3gm/cm3 for 
the actual mineral itself, but soft tissue inclusions and 
water of hydration tend to reduce effective Zand density 
of calcifications. All objects were oriented with their 
axes perpendicular to the beam, so their roundness con- 
tributed to subject unsharpness. 


Soft tissue fibrils such as tumor sheaths were sin- 
ulated by plexiglas rods in mineral oil. Tissue fat 
contains some water and salts as well as the tri- 
glycerides, so it has a higher effective atomic number 
and density than mineral oil, which therefore attenuates 
less effectively than fat. Plexiglas has less oxygen 
content than water or tissue, but a greater density. 
Calculations show we have a useful contrast match here 
too. The rod diameters were 0.56, 0.84, 1.20, and 1.73mn. 
The four rods were mounted parallel to each other in a 
flat box filled with mineral oil, and mounted on top of 
the phantom in a position cooresponding to that of the 
specks (to give maximum penumbra in each case) at a 
distance of about 1.75" from the film. 


Sketches to scale for the two test phantoms are shown in 
Figure 9. 


A word about the film exposure and visual study is in 
order. Films were exposed to a net density of 1.30, to 
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approximate that preferred by most mammographers. A 
partially lighted room was used for viewing, with mini- 
mum glare. We were surprised that viewbox brightness 
was surprisingly uncritical so long as it was adequate 
and glare minimal; nevertheless, variable intensity 
industrial fluorescent viewboxes were used. A hand lens 
or its equivalent was provided each observer, who was re- 
quired to use it to optimize vision. For visibility 
studies the image areas were clearly circumscribed by 
masks and unhurried search encouraged. However, we 
required recognition of all three speck images of each 
size, except for artifacted films, to count as a 
"visible" size. Under these circumstances, a given 
observer repeated his "visible size" measurements very 
closely, typically to + .0005 inch size in a series of 
readings. 


Detectability was measured without any mask present 
and with rigidly limited viewing times. However the 
observer had previous experience with visibility measure- 
ments and knew the approximate image locations, much as 
a radiologist knows the general suspected area in 
differential diagnosis. Remarkably, calcific speck de- 
tectable size values were almost as repeatable as visibility 
values for all techniques of exposure. 


Measurements 


Three types of studies were made on exposed films: 
microdensity scanning, visual observation and dose measure- 
ments. For microdensitometry one might at first consider 
simply moving the film over an ordinary densitometer with 
a small slit. However, as Rossmann has pointed out, too 
little light energy penetrates to satisfactorily activate 
a photocell, resulting in excessive noise; also it is hard 
to move the film uniformly under the slit, and diffraction 
errors may arise. Several years ago we scanned with a 
simple technique like this, with much extra effort and 
undoubtedly some errors. This time we used an ingenious 
suggestion of John Cameron of the University of Wisconsin, 
to project part of the image in a slide projector with 40- 
fold magnification (Figure 10). This achieves improved 
optical sampling of small areas without use of an expensive 
microdensitometer. With a slit in front of the photocell 
we could then scan the projected image and plot the result 
on an x/y recorder. We used a 1/2 mm slit which corresponds 
to 0.0005" at this magnification. Since we were dealing 
with objects of .008" the sampling was quite good. The 
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Figure 10. Slide projector microdensitometer systen. 
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system produced accurate scans that were unfortunately 
virtually useless. This is because film granularity pro- 
duces "density" fluctuations corresponding in size to 
about 0.1 to 0.2 mm whichever type of film is used. 
Fluctuations were so great that it was impossible to 
usefully scan the image of an 8 mil speck. The rods were 
a little better, since we could use an elongated slit and 
improve on the film mottle effect by averaging, but much 
fluctuation remained. The eye performs infinitely better: 


One reason for the good performance of the eye is its 
edge enhancement. Another is that the eye subconsciously 
scans repeatedly back and forth and averages out noise. 
Other features of the eye-brain interaction no doubt also 
enter the picture. 


The visual studies were done with three kinds of films 
and six different types of exposures: conventional, Seno- 
graph, and Mammorex all for the full and compressed breast. 
Altogether 24 films for each test object were read by 
radiologists to determine what size objects they could 
conveniently detect. They were asked to look at the films 
quickly, the way they would normally search a breast 
roentgenogram, and to stop when they could no longer con- 
veniently see an object. '‘'Conveniently' in this context 
meant in a matter of seconds rather than in a large fraction 
of a minute. For example, with the specks we started with 
the largest, obvious ones, and went down in size until it 
was evident that the observer was searching instead of 
recognizing; that was our end point. By such procedures and 
very careful observation we were able to get very repro- 
ducible results among all of the observers--both radiologists 
and paramedical personnel. 


Table 4 summarizes the minimum detectable "calcific 
speck" sizes in millimeters at the lowest kilovoltage con- 
sistent with tube ratings. For conventional machines this 
was 600 mAs at about 20" TFD, with kVp values of 22.5, 32 
and 40 for the No- Screen, AA, and M films respectively. 


Table 4. Detectable Calcific Speck Sizes - Millimeters 


Film Type Conventional Senograph Mammorex 
No-Screen 0.22 0.21 0.21 
AA 0.23 0.20 0.20 


M 0.25 0.20 0.20 
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Type M is a very fine grain film, universally used 
with higher kV and hence lower contrast than the "con- 
ventional" technique employed here. The result for this 
film is disappointing and the worst we found. The reason 
seems to be that although many people believe that they 
are using very low kV technique, due to common errors in 
kV calibration, the actual kV's used are usually in the 
40's. As a result of higher energy photons in these beams 
contrast is lowered to such low levels as to render the 
fine grain useless (Recall Rose's formula.) Faster films 
permit lowering the kV, since the mAs is held constant, 
without loss of film density. 


The detectable speck size values for AA and M film on 
the Senograph and Mammary are very low, and probably 
correct to the second decimal place. With these two 
units very good results were obtained even with slower 
films; this reflects the optimum nature of the characteris- 
tic radiation from the molybdenum target tube-filter systen. 
The intensity is adequate in both machines, so that rela- 
tively low exposure times (of the order of two seconds) 
are possible. The AA and M film results are better than 
no-screen, reflecting the lower granularity of the slower 
films and the better photon statistics. 


As far as the rods are concerned, 0.6 mm is detectable 
with a good high contrast technique. This is only 3 times 
as large as the specks, and shows how effectively the eye 
fills in details of an elongated object. Although a fibril 
can be relatively thin and indistinct, the eye tries to 
follow the trajectory, making it possible to detect a re- 
markably thin object of very low contrast. We found that 
0.6 mm fibrillar detail was detectable even with M film 
and conventional technique, but with some uncertainty. 


Egan and Fenn have published data on resolution of cal- 
cific test objects using various types of films and various 
mammographic techniques (9). Their test objects included 
chips of marble used to represent calcifications; the 
effective Z of this material would be a little lower than 
that of the aluminum we used. Nevertheless, they were able 
to see a 'calcific' marble speck that was only 0.05 mm 
across: Since this is 4 times smaller than the smallest 
object detected in our study it is necessary to seek some 
reason for the different results. This raises the question 
as to what, in fact, is a ‘calcific speck'? We consulted 
several pathologists with unclear answers. The best infor- 
mation 
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suggests that a calcific speck would tend to be more 
regular than elongated in shape, and generally tend to 
have soft tissue inclusions. Because of the rather vague 
definition, we chose to use round, regularly shaped 
aluminum to obtain useful relative information. If 
marble is splintered by compression, there will likely be 
some spicules which could be randomly oriented. We believe 
this explains the results of Egan and Fenn: fortuitously 
some of their objects were oriented so that radiation 
traversed the axes of elongated fragments, resulting in 
relatively high contrast images. If contrast is high 
enough extremely small objects can be detected; observing 
the stars in the sky demonstrates this. We believe this 
explains why they could detect objects smaller than our 
observers, who were looking at uniformly shaped objects. 


Krohmer has raised the question of the possible use 
of high film densities to improve detection. We looked 
into this 5 or 6 years ago (10), ¢o11owing suggestions 
from Kodak research personnel who told us that there was 
a linear relationship between density (D) and exposure (E) 
for films exposed directly to x-rays. (This results 
from the fact a single x-ray photon has more than enough 
energy to affect a crystal, while about 4 visible light 
photons are needed to produce the same effect.) Thus, 
D= k E. The transmission (T) of light from a view 
box through a film can be represented by T = 107D = e-2-303D 
(D corrected for base density), and hence: 


(dT/T)/(dE/E) = - (2.303 D) 


For a 14 fractional change in exposure the per cent change 
in transmitted light reaching the retina is hence 2.303D &%. 
The film thus has an amplification factor of 2.303 x D. 

For an optical density of 1.0 with directly exposed film 
this is only 2.3, much lower than for screen exposed films. 
However, the amplification factor goes up in proportion to 
the density, so if the film is exposed three times as long, 
there would result a three-fold contrast enhancement compared 
to that with normal exposure. With industrial types of film 
where there is more silver, it is possible to go up to very 
high densities; since type M and AA films are quite linear 
to densities above 4 or 5, 10-fold contrast enhancement is 
theoretically possible. This then is an interesting possi- 
bility that some radiologists are actually using, looking 

at over-exposed film in a darkened room, with an enormously 
brilliant industrial viewbox. However patient exposure must 
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be correspondingly increased from the common value of / 
rads to something like 30 rads, which would likely create 

a dosage problem except for very special cases. Also, a 
special technique like this imposes an unacceptable burden 
on most busy radiologists who cannot spare the time to go 
to a special viewing room and search for specks. The range 
of corrected densities commonly encountered for mammograms 
is from 1.0 to 1.5, so in our work we chose a reference of 1.3. 


Much is heard in discussions of mammography about "the 
dose" received by the patient. Even if one specifies skin 
dose at the entrance portal, the value will vary greatly with 
both thickness and roentgenographic density of the breast. 

In addition to variability of breast attenuation, three other 
relevant factors are involved: per cent backscatter, f (R/rad 
factor) for uncalloused breast skin for this soft radiation, 
and the RBE. It is evident that a useful estimate of radia- 
tion trauma is most difficult, especially for a fictitious 
"typical" breast. Moreover, here we are concerned primarily 
with relative dose for alternative techniques. 


For this reason, we have chosen to measure simply the 
air-R at the site of the entrance breast portal. These 
measurements were made using a "pancake" parallel plate 
ionization chamber with a sensitive volume consisting of a 
1/4 inch separation and a guard ring defined volume of 2 cm 
diameter, as previously described elsewhere 11 . About 100V 
was required for voltage saturation. The response was cali- 
brated with an NBS standardized end window Victoreen chamber 
at several soft radiation qualities from a superficial therapy 
machine, and good correspondence with predicted values was 
obtained. The output of the chamber was fed to a Keithley 
610A electrometer. Exposures were measured at the kV's and 
mA's used to produce films with 1.3 density units above base 
plus fog. Measured values for several techniques are shown 
in Table 5. 


Table 5. Air-R to Yield a 1.3 Net Film Density 





Film Technique 

Type Ordinary Senograph Mammo rex 
NS 1.8 1.0 0.9 
AA 5.8 7.0 5.2 

M Leo 13.5 11.3 
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An immediate question requiring an answer is the 
higher dosage values for type M film when used with the 
molybdenum target tubes. The spectrum of radiation with 
these tubes is predominantly in the 16-18 keV range, 
whereas for the ordinary tube and type M film a 40 kVp beam 
is used. The latter beam has much higher energy photons 
and consequently greater penetration of the breast, so 
therefore the molybdenum target tubes deliver significantly 
greater exposure at the skin location. In general the 
Senograph delivers more exposure than the MammOrex because 
of its greater beam divergence. Type AA film with ordinary 
technique (32 kVp) is of interest as the exposure value is 
similar to that delivered with the MammOrex This is just 
a matter of having equivalent spectra. For no-screen filn, 
the ordinary technique at 22-23 kVp with a bremsstrahlung 
spectrum contains many more lower energy photons than with 
the molybdenum tube operated at 25-30 kV, resulting in an 
effectively softer beam and hence higher entrance dose. 


Our exposure value for type M film using a bremsstrahlung 
beam is nearly twice as large as that reported by Eaton 
and Shalek. This is because we used a lower kV technique, 
made possible by high mAs and short TFD values. 


Conclusions of this study 


It will be recalled that there are two basic applications 
of mammography. The first is for the patient with a problem 
who is seeking diagnostic help - there is no question about 
exposing this individual to x-rays. The second is a mass 
screening procedure since mammary carcinoma is a disease of 
high incidence. This involves non-symptomatic people who 
should receive a minimal radiation dose - probably one would 
like to keep it below 1 rad. For the individual seeking a 
differential diagnosis one might sometimes seriously con- 
sider using high film density values and industrial film 
with the Senograph or Mammorex, The molybdenum tubes are 
definitely better for this purpose. However, before using 
such tubes for survey work, it is likely important to look in- 
to the RBE of the radiation they yield. 


A survey program could result in useful yields if it 
were combined with thermography, infrared photography, and 
palpation - possibly by skilled paramedical personnel. In 
such a program mammography could be complementary, perhaps 
detecting slower growing larger tumors, while thermography 
might detect smaller lesions. Mammography will not help 
the person who has delayed too long, or who has a small 
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actively growing tumor; but it could help the patient with 
a slowly growing tumor that manifests itself morphological-—- 
ly before generalized disease has occurred. Thermography 
can help the patient with a fast growing tumor when it is 
small, with venous engorgement and generalized tissue re- 
action. The two techniques are thus complementary, as has 
been stressed before by Dodd and others. 


We have not yet tested Xeroradiographic mammography. 
This its an important development which merits prompt in- 
vestigation, and we plan to do this work shortly. If kV 
values can be kept low and false positive specks dis- 
carded by the mammographer, the technique may hold exciting 
prospects for future use. 


III. Small Vessel Angiography 


There is considerable medical interest in visualizing 
small blood vessels,say 0.5 mm and smaller in diameter, 
using todine contrast media. Although extremity vessels 
offer minimal problems, those in the skull and torso are 
inherently harder to visualize because of greater scatter 
and penumbra. Nevertheless, important diagnostic problems 
exist in these areas. For example in the brain they include 
localization and study of congentital malformations, injury, 
stroke and tumor. In the kidneys fine vessel visualization 
in the cortex is often of great diagnostic help. These and 
similar studies are of course dynamic, and serial radiographs 
are required as close together as 1/2 second and less to 
pinpoint injected contrast during the arterial and venous 
phases of blood flow. The dual requirement of sequential 
films and fine detail visualization requires use of rapid 
roll-film or cassette changer systems. As might be expected, 
difficult technical problems such as good screen contact and 
synchronized very short x-ray exposures must be overcome, 
and angiography equipment is quite sophisticated and expen- 
sive. 


A. Two Basic Techniques Employed - Description 


Figure 11 shows the difference in setup between ordinary 
and direct x-ray enlargement angiographic techniques. (In 
both cases a cassette changer or roll film system may be used. 
In the latter case the film is fed between a pair of screens 
which are clamped together as the film stops for the exposure, 
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Figure 11. Comparison of conventional vs enlargement setups. 
Left: conventional method is usable with larger focus 
X-ray tube, permitting high mA and low kV use. 
Right: enlargement requires 0.3mm focus x-ray tube, 
of limited mA, so higher kV operation is required. 
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and then opened for the film to move forward.) In ordi- 
nary technique a grid is necessary because the cassette 

is so close to the patient that it subtends a substantial 
solid angle of x-ray scatter. In magnification technique 
the patient is roughly 15 to 20 inches away from the 
cassette so the solid angle for scatter is much smaller; 
therefore most scatter misses the film and grid is not 
required. In fact a 2X magnification gives similar clean- 
up to that obtained ordinarily with a fairly good fixed 
grid. The magnification in the ordinary case is close 

to 1.1, whereas, depending on the radiologist's preference, 
it may be 2X or 3X with direct enlargement technique. 


A natural question is why not simply study ordinary 
films with a hand lens or other optical magnification in- 
stead of using x-ray magnification? There are two advantages 
to direct enlargement. First, grids may be avoided because 
scatter is controlled by use of air gap, thereby avoiding 
grid lines. Second, the x-ray image is enlarged so the 
effect of detector blur and spurious images is minimized. 

As shown below, improved detail resolution results when the 
method is properly used. 


B. Problems of Direct Enlargement Technique 


However, there are practical pitfalls inherent in 
magnification technique. In an ordinary study the x-ray 
beam displays roughly a 9 x 12 1/2" section of the patient's 
midplane anatomy on a 10 x 14" film. This assures visuali- 
zation of both the area of interest and surrounding areas 
as well, with indispensible anatomic landmarks. In direct 
enlargement the sampled area is only 5 x 7" or 3.3x #7” 
for 2X or 3X enlargement, respectively. Even the most 
skilled angiographic team may miss part of the desired 
area, necessitating a repeat injection; moreover, landmarks 
are less likely to be encompassed by the exposure. The 
dilemma is usually resolved by use of a well designed 
mechanical system to maintain the patient in a centered 
position when he is raised from the ordinary to the enlarge- 
ment technique position. Two studies are usually performed, 
the first with ordinary technique to provide desired land- 
marks and an overall diagnostic picture of the entire 
anatomic area. Then the patient is carefully repositioned 
if necessary to calibrated horizontal positions of the table, 
the table raised, grid removed, and the injection repeated 
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with magnification technique. It should be stressed that 
angiography procedures involve some surgery and contrast 
medium toxicity is not negligible, especially in cerebral 
studies. Consequently they are not carried out unless 
alternatives provide insufficient diagnostic information 
for a very serious health problen. 


Direct enlargement technique requires use of a very fine 
focus x-ray tube. Recall that the E.P. = F (1 - 1/m), so 
that for 2X or 3X magnification the E.P. is F/2 or 2/3F, 
respectively. An effective value of F is needed of the 
order of 0.4 mm maximum (giving E.P. values above of 0.2 
and 0.27 mm, respectively), to avoid exceeding blur values 
of ordinary technique and hence losing all the benefits of 
enlargement. As shown below, fine focus tubes must be 
specifically checked for focal spot size because their 
quality control is technologically very difficult. 


What of motion blur effects with enlargement? Patient 
motion blur is unaffected, as both the part examined and 
its motion are equally magnified. Recording system blur 
due to faulty synchronization is also reduced in effect, 
as are all other recording system defects. (However, it 
would appear the height of folly to tolerate a poor tech- 
nical adjustment in a $100,000 special procedures room!) 
Finally, some older tube mounting cranes are prone to 
vibration, which increases the effective value of the tube 
focal spot. Fortunately most systems are quite rigid, 
and this effect has not frequently proved troublesome. 


C. Vessel Simulation Studies* 


We have measured resolution obtainable by the two 
different methods, using special phantoms. The test 
vessel systems employed rectangular wax castings contain- 
ing tubular cavities filled with contrast medium. Renografin 
60 was used, which contains 0.3 grams of iodine and 1.0 gram 


*This work has not been previously reported. In addition 
to my associate David A. Lightfoot at Hahnemann Medical 
College, John E. Cullinan (FASRT) of Albert Einstein 
Medical Center in Philadelphia was a full collaborator in 
these measurements. 
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of radiographically water-equivalent material per milli- 
liter. The "vessels" were of graded size, with contrast 
permanently sealed in the paraffin. Exposures were made 
using the test object centered midway in 6 inches of water 
to provide scatter. (6 inches of water reasonably approxi- 
mates the small field abdominal attenuation for a medium 
size patient even allowing for the presence of fat.) From 
the films we could assess which of the vessels were visible 
and detectable by criteria described above. 


Ordinary techniques were tested with several variations. 
First the best Lysholm grid currently available was used 
without motion. We were then able to see vessels of about 
0.26 mm in diameter, with either 1 or 2 mm focal spots; 
geometric blur was not a major limitation. More important 
were line images from the .05 mm wide lead grid strips and 
the screen blur. We then eliminated the grid line problem 
by employing a Bucky mechanism; this enables us to see 
vessels 0.16 mm in diameter. (We did not use the very 
interesting technique suggested by Rossmann of combining 
par speed screens with high speed film, but instead used 
fast screens.) Tne enlargement technique is thus able in 
a single step to help solve two problems: the grid is 
avoided by means of the air gap and screen blur is minimized 
because a 0.1 mm vessel gives a 0.2 mm image with 2X magni- 
fication. Effectively the 'signal' is bigger and the ‘noise’ 
(screen blur) has not changed. This arrangement can uniquely 
delineate vessels of 0.1 mm in diameter. It must again be 
emphasized that in all our phantom work we employ optimum 
conditions, in which no obscuring anatomic details are pre- 
sent to interfere with imaging of detail. We therefore 
believe 0.1 mm diameter is probably fairly close to the 
ultimate limit, which will be set by the contrast available-- 
after all, a 0.1 mm diameter vessel contains only 2.36 micro- 
grams of iodine per millimeter vessel length! Probably lack 
of subject contrast sets the ultimate detection limit at 
present. 


Our phantom test object has been previously described(12) 
but a few brief comments are in order at this point. Some 
investigators have used metal test objects to simulate 
opacified vessels. This is a very attractive proposal from 
a use point of view, avoiding the handling and permanent 
encapsulation of viscous, chemically unstable liquids. Un- 
fortunately 0.3 g of iodine in 1.0 g of water equivalent 
solvent per ml cannot remotely be simulated by any metals 
for the photon energy range of diagnostic interest--33 to 90 
or 100 keV and mainly 56 to 60 keV. Aluminum 


attenuates less, and copper wires far more, than the 
contrast solution. As previously indicated, visual 
detection depends critically on contrast as well as 
detail, so metal test objects were discarded as unsuit- 
able for our purposes. 


The construction of our phantom required many months' 
work to achieve filling and long term stability. After 
publication of our design, we found Mattsson reported a 
similar but unsealed phantom in Acta Radiologica 6upple 
ment #120, 1955, page 189). Long term stability is 
very difficult to achieve in fine capillary sealed tubes 
of liquid. In our experience, only 0.2 mm and greater 
diameter phantoms have useful lives in the range of one 
or two years. For smaller vessel units we make up the 
units for immediate use as required, and consider life- 
times of a few months acceptable. 


D. Some General Comments 


Two other relevant points merit some brief discussion, 
as they have appeared frequently in the literature: ultra- 
fine focus magnification and the "double-image" effect. 


Practical requirements demand that angiographic tubes 
for enlargement deliver at least 100 mA, to keep exposures 
down to 0.1 seconds in radiographic work. In practice this 
means manufacturers are technologically limited at present 
to true focal spot sizes of the order of 0.2 mm minimun, 
with rapidly diminishing returns when this limit is pushed 
further. However, many applications require less current, 
so that the lower capacity new Japanese Q.1 mm focus or 
similar tubes are then usable. (Applications include some 
extremity high magnification work, as well as some studies 
with image intensifiers at high magnification for thicker 
body parts.) 


Although reported in 1951, the double-image effect has 
recently been rediscovered at least twice in our literature 
and announced to the world with sparkling originality. 
Franzell showed that it is possible to usefully radiograph 
an object smaller than the tube focal spot size. It had 
previously been accepted as an article of faith that the 
focal spot size set the ultimate limit as to what could be 
seen. Franzell proved that this is not true when the object 
is of high contrast (13). His work concerned foreign 
objects in the eye. The reason that you can see smaller 
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objects is shown diagrammatically in Figure 12. X-ray 
tube focal spots contain a low emission between two high 
emission areas--a bifilar structure. Along the length 

of the spot (a) one obtains a projected image of width 

w = F(m-1) + mO, in which F is the focal spot size, m 

the magnification, and O is the object size. At right 
angles to this direction (b) a double simage occurs with 
the double dip as shown. Notice how important the focal 
spot size and shape are to the image size and shape, and 
how large w becomes for a 2 fold magnification. With 2x 
magnification, a 0.2 mm object should produce a 0.4 mm 
image; However, if F is 0.6 mm, an image of 1.0 mm 
actually results: This effect is seen in conventional 
angiography using a 2.0 mm focal spot for viewing small 
vessels. Thus there is generally a broadening of the 
image. In addition one can theoretically obtain a double 
image. However, this effect is normally not of very great 
importance in angiography, because fine vessels have too 
low contrast. We have had great difficulty demonstrating 
the effect with full scatter, although there are some 
examples in the literature obtained without full scatter. 


IV. Evaluation of Fine Focus X-ray Tubes (0.3mm 


The work to be described has been submitted for publi- 
cation, and will hopefully appear next year. Data has been 
measured on 20 fine focus tubes in the Philadelphia area, 
and full studies done on 12. By "fine focus" is meant 
tubes of 0.3 mm or smaller focal spot size as designated 
by the manufacturer, all with 100 mA capability at 110 kVcp 
operation for use in cerebral and other magnification 
angiography. Four different types of focal spot evaluations 
were employed on each of the 12 tubes. Of these 12, four 
were poor, both by our own and clinical criteria. The 
methods described here were the three most useful: the 
Siemens star; our 0.2 mm diameter contrast-filled vessel, 
and the ICRU design 0.03 mm diameter pinhole camera unit. 


A. "Psycho-visual Focal Spot" 


The curves to be shown below have as ordinate the 
"psycho-visual focal spot size" (PVF), which merits some 
explanation. By Franzell's formula, any image will have 
a width w = F(m-1) + m0, and in this case m = 3 and 0 = 0.2 
mm. We used a vessel as test object because every other 
technique for measuring x-ray tube imaging ability ignores 
the fact that the tube's x-rays are used to form shadow 
images of human anatomy, which consists of mainly low 
subject contrast objects. The maximum subject contrast 
of the Renografin-60-filled 0.2 mm vessel is 7% without 
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INTENSITY 
INTENSITY 


POSITION POSITION 
(a) (b) 


Figure 12. Small object imaged using large focus x-ray tube. 
(a) Along tube axis a single broad image results. 
(b) Perpendicular to tube axis there is a double 
image, corresponding to dual line focus structure. 
High subject contrast is needed for visible 
double images, however. 
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scatter; with scatter it is of course much worse. The 
vessel test unit was taped to the center of the face 
plate of the collimator, fine grain film positioned to 
obtain 3X magnification, the exposure taken, and the 
width of the resulting image later measured. Using the 
formula we could then calculate "F", F = (w - m0O)/(m-1), 
for this arrangement. However, each time the result was 
considerably smaller than that obtained by any of the 
other methods, by about 0.2 mm. The reasons for this 
discrepancy involve among other causes the fact that with 
a low contrast rounded object the beam traversing the edge 
traverses less material, so the edge is less distinct and 
the image appears narrower. This was the reason for the 
choice of a special name for the value of F obtained this 
way.* 


B. Measurement Methods 


The Siemens star pattern is shown in Figure 13, together 
with a contact radiograph. In the enlargement radiograph 
phase reversal points can be seen. This has been described 
by Pleil, who gives the formula F = 1 / [f£,(1-1/m)] and 
a useful aly of both the formula and the technique 
for using it (14), (f,is the line pairs per mm bar pattern 
frequency at the radial position of phase reversal.) 


The other conventional method used was the I.C.R.U. 
pinhole, described in N.B.S. Handbook 89. With this a 
correction to the length must be made by multiplying by 0./7. 
The recommended formula for focal spot size using this pinhole 
is F = w/(m-1). 


Figure 14 shows examples of four of the focal spots, 
indicating how variable focal spot shapes can be. (They 
were sketched from pinhole radiographs.) Some of the 
emissive linear areas are not aligned, others oblique, 
still others with one side higher than the other, and so 
on. This reflects the technological difficulties of fabri- 
cating and maintaining very fine focus tubes such as these. 
Pinhole photographs were taken at 90 kV constant potential, 
100 mA, 6 seconds and a distance of 40". A 6 second total 
exposure presents difficulties, as one must take multiple 
exposures to avoid tube damage. Each time the anode is 
started the tube housing tends to whip, creating some un- 
certainty as to the focal location. Our technique was to 


*Work is continuing on the relationship of vessel visualiza- 
tion and focal spot size. 
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Figure 14. Four 0.3mm focus tube pinhole images. 
Note eccentric and non-uniform nature. 
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let the anode slow down during the cooling period, start 
it up again, wait 15 to 20 seconds, and then make the 
exposure. Typically we would make six one-second expo- 
sures. 


Mattsson has recently reported a definite increase 
in focal spot size with increasing mA, above 50 mA(15), 
Siedband has also noted some variation at low currents 
around 10 mA. We took care of this effect to our satis- 
faction by testing at the normal operating current used by 
the radiologist. (This ranged from 50 to 100 mA). 


The focal spot size varies along the tube axis, as is 
well known. We decided that the most useful value was 
that used clinically, corresponding to the central ray as 
determined by the collimator cross-hairs. (We did experi- 
ment with a device which enabled us to center accurately to 
at least 1/2 degree, but abandoned the idea upon further 
reflection.) 


C. Results 


Plots of the PVF versus values obtained with the Siemens 
star are shown in Figure 15. Twelve tubes are represented; 
the upper curve refers to the focal length and the lower to 
the width; exposures were all made at 90 kV and 100 mA. 

The data show considerable scatter, but 95% of our results 
are contained in t 1/10 mm. With the Siemen star image, as 
you go out radially from the center there is the start of a 
gradual transition, or contrast phase change. We took the 
inner edge of that transitional area as the measurement 
point, feeling that it represented the most emissive portion 
of the focal spot, which contributes more to image formation 
than the less emissive areas toward the periphery. 


Results obtained with the smallest I.C.R.U. pinhole are 
shown in Figure 16. Notice that there is much more scatter, 
and we think that for tubes such as these the Siemens star 
is unquestionably a better technique. Some of the points 
missed the mark by a great deal and in peculiar ways, as 
though there were something functionally peculiar about 
the shape of the focal spot. The pinhole accurately re- 
produces the emissive area's morphology, but the overall 
image size may not accurately reflect the imaging properties 
of the focal spot. We think the Siemens star gives a more 
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FOCAL SPOT -- LENGTH 


4 


FOCAL SPOT -- WIDTH 


FOCAL SPOT SIZE-mm--BY 0.2mm CONTRAST VESSEL 





0 1 2 3 “4 “5 “6 
mm FOCAL SPOT SIZE - SIEMENS STAR 


Figure 15. Comparison of measured focal spot size using 
two devices: contrast-filled vessel vs Siemens star. 
Upper curve: focal spot length. 
Lower curve: focal spot width. 


FOCAL SPOT -- LENGTH 


FOCAL SPOT -- WIDTH 


FOCAL SPOT SIZE -- mm -- BY 0.2mm CONTRAST VESSEL 





mm FOCAL SPOT SIZE - PINHOLE CAMERA 





Figure 16. Comparison of measured focal spot size using 
two devices: contrast-filled vessel vs ICRU pinhole. 
Upper curve: focal spot length. 
Lower curve: focal spot width. 
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useful single number, by averaging out the imaging 
properties to yield an "effective" number. 


We are currently investigating the effect of varying 
test vessel diameter from 0.1 through 0.7mm on the psycho- 
visual focal spot. Very fine grain film is being used 
(Kodak type R-single emulsion), to improve precision of 
measurement. 


D. Conclusions. 


We are convinced all fine focus tubes should be 
checked both at installation and also periodically in use. 
At any one time as many as one third may have become poor. 
The Siemens star pattern is the most convenient device, and 
recent work has made interpretation of results much 
easier(16), The ICRU pinhole is more difficult to use 
properly, but in good hands can be helpful. Our new test 
vessel assembly will likely be most useful in helping to 
correlate other measurements with actual tube performance 
in visualizing vessels in-vivo. 
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DISCUSSION TOPIC 
FOCAL SPOT 


Q,! I have a question about focal spot measurements, During the 

course of fairly routine calibration methods, one of the things we like 
to do is to keep track of focal spot sizes, Pinhole measurements are 
time-consuming and put a great thermal load on the tubes, An alternative 
is the Siemens star measurement, where one assumes a uniform intensity 
focal spot and by a simple calculation works back from a measurement of 
the diameter of the star image where the contrast first fades to obtain 
the focal spot size, Now comparing the pinhole and star results l 

find frequent disagreement, Under what conditions can I expect to get 
agreement or should this not be expected? 


Wrights You are assuming that the focal spot is uniformly irradiated, 
and Stanton's work shows this is far from true, 


Rossmanns You should use some fine grain, direct x-ray film - perhaps 
mammographic filn, 


Wrights Your method of measuring focal spots with the Siemens star, 
which gives you the reversal of black and white on the film at the 
appropriate positions, is somewhat similar to a method published recently 
by Rao in which he uses a bar pattern, rather like the standard MIF 
pattern, Would you comment on this? 


Stanton: What Rao did was to use essentially a Buckbee-Meers plate, 

a group of gradually increasing lead-plastic line pairs /mm bar units, 

and he simply changed the magnification until he got a point where he 
had a uniform pattern - until it was undistinguishable - having reached 
@ cross-over point - which is what you do automatically with the 
Siemens star, However, his work was more fundamental because he also 
used the MIF techniques developed in Baltimore and verified this, and 
has a rather impressive agreement of the data for several tubes, He 
establishes his point quite well, From a practical point of view, 

our feeling is to go along with the Siemens star because that gives the 
answer right away, The cross-over is somewhat less distinct than Rao's, 
and his method is more precise; however, Siemens star results appear to 
be adequate for most practical work, In our paper we bring out one 
particular procedure in Siemens star measurements, which is to take the 
smallest radius at the outermost cross-over, When this is done, one 
Obtains the smallest measurement of the focal spot for the available 
information in the star image, We believe that this minimum cross-over 
radius corresponds to the most intense region of the focal spot and there- 
fore is most relevant to image formation, 
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Castros In your system, do you take as the position of the target the 
mark on the housing as indicated by the manufacturer or do you determine 
the real position of the target by film? 


Stanton: There are two major variables, as you know, One is the 
position along the axis of the tube, the other the height of the target 
above the film, We determine neither specifically, We simply start 
from the fact that tubes are used with the film centered to the optical 
cross-markings of the collimator, so we center whatever device we use 
for measurement to those cross markings, As far as accurate measurement 
of magnification is concerned, this is obtained automatically with the 
Siemens star using reference dimensions, so that by measuring the size 
of the disc on the film, one can obtain the magnification accurately, 
Once you know the magnification, you can measure to the table top or 
film from the face of the collimator and then compute where the target 
was, if this information is required, 


Castros: When you measured the focal spot size for the Philips Rotalix 
tube, how did you determine the difference in positions of the tube focal 
spot for the two focal spots on the target? These are at different 
angles and at different heights from the face of the collimator, 


Stanton: This is a biangled tube, so you are correct - they are at two 
different distances, Frankly, we did not bother, as we were concerned 
only with a fictitious quantity which represented the imaging properties 
of the fine focal spot of this tube relative to an object placed at the 
collimator, with a three-fold magnification, As long as we knew what 
the magnification was, we were able to work back from that to determine 
the actual imaging properties of the small focal spot, The large spot 
in this tube was not measured, 


Castros We have never been able to reproduce the size of the focal spot 
by using the position marked on the housing, and measuring distances in 
order to obtain the magnification, This housing mark is evidently an 
unreliable indicator of exact target position in many tubes, particularly 


of the biangled_ type. 


Krohmers Do you have any comment about the second reversal of the 
pattern, if you can see it on the fiim? 


Stanton: J have not thought much about it, as I was interested only in 
the outermost or first one, because it gave us information that correl- 
ated with focal spot measurements, Castro has an interesting point, 
which we didn't have time to investigate, although I understand she has 
a& paper coming out about this, 


Krohmers I would like to comment about these lines when measuring focal 
spots, I was involved with one manufacturer when I found that I was 
coming out with 40-50% smaller focal spot sizes than they specified, 

Their tubes were blowing and quite a lot of money was involved, I visited 
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the plant to learn how they measured the focal spot size, and they did 
this without the collimator, and without a filter, In that particular 
situation you would end up with a larger effective focal spot size - in- 
cidentally they also measured at 40 kVp, which happens to be the maximum 
response point for the film, This also tended to make the values come 
out larger, Thus, in the field instead of getting 0.75 I was getting 
0,5 mm and this happened too often with these particular tubes, The 
nanufacturer started measuring the focal spots with a collimator, and 
agreed that their previous measurements had been in error, As a result 
of this, I think it is important to specify the exact geometrical and 
practical situation under which these focal spots are measured: with 
the collimator, with the filters, what kVp, and waveform - all these 
should be specified, 


Comments One method to locate the focal spot is to use a double pinhole 
device, with two holes a known distance apart, at a known distance from 
a filn, 


Q.: How much smaller do you think we need to make focal spots, for say, 
general work in radiology today? 


Stantons For over 90% of radiologic purposes conventional focal spot 
sizes are satisfactory, There is a limitation in some tomographic studies 
with existing spot sizes - that is, when 1 mm or larger spots are used, 
Smaller sizes are then useful, and some radiologists use 0,6 mm spots, 
while in Europe they have been using even smaller sizes, The newer high 
capacity 0,3 mm focus tubes may be of great assistance, and one United 
States company is developing a 0,1 mm focal spot (which we measured as 
0,15 mm) - this was just about the best we measured, The problem with 
getting a very small focal spot tube is that there is a complicated 

trade off, One aspect of this is that in order to get a very fine 

spot you need a very sharp angulation of the target, which then limits 
the amount of spread or coverage you can have of the object you are 
radiographing, This is because of the great heel effect, which causes 

a rapid fall-off in the direction of the anode, A second item is the 
maximum mA capacity - the Japanese have a tube of very low mA rating with 
an extremely fine focal spot, Used with an image intensifier and 
appropriate magnification, this might be very promising, However, for 
radiographic work this tube would not be very useful, I think that 

0.3 mm is a fairly good compromise focal spot size, and if focal spots 
could be properly quality controlled and were actually 0.3 mm they would 
be very useful, 
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DISCUSSION TOPIC 
MAMMOGRAPHY 


Q,! What conditions are necessary to identify the smallest lesion 
in mammography? 


Stantons One identifies lesions on the basis of the aggregate image, 
Diffuse calcifications are detected in only about a third of positive 
cases, and occasionally in benign lesions, For example, I have a film 
with calcifications randomly distributed in the classical manner 
characteristic of a malignant lesion - and yet it was benign! From 
what I have learned from radiologists, one can be easily mislead by 
excesSive irrelevant information, One thing that has helped is the 
molybdenum target tube, whose increased contrast helps the busy radiolo- 
gist see not more, but the same things more clearly and readily, so 
that he is surer to detect what he seeks, This is what the radiologist 
appreciates, Regarding the smallest calcification detectable, I've 
asked several pathologists for a definition of what a tumor calcification 
is and have yet to get an unambiguous answer, Apparently it contains 
reasonably symmetrically distributed hydrated calcific salts, very 
often with soft tissue inclusions, To assume a certain effective Z 
and density in this inhomogeneous matrix can be misleading, and it is 
easy to draw incorrect conclusions from inappropriate phantoms, We 
settled on regular shaped aluminum specks because we felt they simulated 
actual calcifications reasonably well in shape and attenuation, We 
concluded that the smallest you are likely to see is about 0,2 mn, and 
I believe this is also true for calcific specks, unless they fortuitously 
are elongated along the direction of x-ray beam propagation, With 
regard to soft tissue fibrilar structures immersed in fat, the figure 
Seems to be about 0,6 mm, The reason this is not much larger than the 
speck figure in spite of the substantial contrast difference relates to 
the point Dr Rossman made, that the nature of the object (round, tiny 
and isolated versus continuous) affects the minimum detectable size, 


Q,: You could not detect something of the order of 100 microns? 


stanton: No, not usefully, and we used Ii, AA and No -Screen type filn, 





Rossmanns But doesn't the answer have to be ambiguous? It depends on 
the type of recording system, and this must be one that gives an acceptable 
patient exposure, One could go down and down in film speed, using single 
coated type R or photographic films with very fine grain, and perhaps 
Squeeze a little more, but with prohibitive patient dosage, 
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Stanton: Film noise and low subject contrast in addition provide basic 
limitations on what size is detectable, We saw very little difference 
with the wide range of 15 to 1 in film sensitivity. 


Rossmann: Direct x-ray film is tricky. One really should expose in 
mammography to very high density and view on a high intensity view box, 
since, with direct x-ray, the film curve keeps going up to a density of 
10 or so and the contrast also increases, unlike the case of screen film 
which has a shoulder at about 3,5 and the gradient of which reaches a 
maximum and then goes down, So, as in industrial radiography, in mamn- 
ography, where no screens are used, one can gain radiographic contrast by 
exposing to very high densities and using a high intensity illuminator, 


Stanton: We showed radiologists higher density films on appropriate ill- 
uminators, but they were not as helpful as we had expected, Perhaps this 
is because of multiple internal reflections in the denser deposit of silver, 


Q.? Radiographic contrast was mentioned, Could you explain the 
difference between this and subject contrast? 


Rossmann: Radiographic contrast is defined as the difference in density 
on the film between two areas that you are interested in, Subject con- 
trast is often defined as the ratio of x-ray intensity behind two sections 
of the subject - i.e, after the subject has been penetrated by the x-rays, 
We start with subject contrast; this is what we have in the x-ray pattern, 
This ratio of intensities is translated through the H & D curve of the 
film to a difference in densities on the film, through the contrast of 
the film, So subject contrast and film contrast acting together give 
radiographic contrast, Another factor entering into the imaging of very 
small details is contrast reduction due to blur, which is therefore also 
a factor in radiographic contrast. 


Castro: Has anyone had experience using any type of screen with the 
molybdenum target tube to reduce patient dose in mammography? Vacuum 
cassettes with a screen can apparently reduce the dose to 20% and give 
comparable films, 


Webster: There was an exhibit at the 1970 RSNA showing resolution with 
and without screens, and this was very impressive, However if you use 

a molybdenum screen and try to capture the molybdenum K radiation from 
the tube, this seems to be the wrong material, but that was what was used 
in this exhibit, 


Q,.: What are the sizes of the focal spots used with the molybdenum 
target tubes? 


Castro: 0,7 mm in the Senograph, nominally, 


Krohmer: I think smaller sizes have been used with tungsten targets, 
There is a unit that is made to do that, and there is a compromise with 
heat capacity, Tubes with molybdenum targets have lower capacities 
than those with tungsten targets, where you can go down to 0,5, 0.3, and 


202 


even experimentally to 0,1 mm focal spot size, 


Q.: Could you use an appropriate filter to get a more monochromatic 
beam for mammography, as in crystallography, where you separate photons 
of different energies from the tungsten target into a more select range? 


Stanton: I have never used a crystallographic filter, 
Wright: Surely the intensity would be too low, 


Q,: If you have two adjacent atomic numbers, rather than aluminum 
alone, then you could optimize your spectra, 


Stanton: I think the molybdenum target tube is an excellent optimization, 
Quite a lot of development work went into this in France and was repeated 
in this country, The commercial tubes use thin molybdenum filters, 
which selectively absorb bremsstrahlung above about 20 keV, thereby 
improving subject contrast, 


Q,: If you don't have such a tube, could you approach it, by using 
filters? 


Waggeners I think I can answer that, I have done this, but you do 
drop the intensity too much - by about 2-3 times, Since you can run 
up to very long exposures in mammography, that becomes a problem in 
terms of tube loading, 
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INTRODUCTION TO TOMOGRAPHY 


Leonard Stanton 
Hahnemann Medical College 
Philadelphia, Pennsylvania 


A radiograph provides only a two-dimensional picture of a three- 
dimensional object. The radiologist attempts to reconstruct the 
complete anatomy of the patient from this flat representation, but 
diagnostic uncertainties are inevitable, arising from difficulties 
such as the following: 


1. It is hard to judge depth in the body of the object 
casting a roentgen shadow. 


2. High-contrast objects can obscure low-contrast objects. 
3. Summation images can sometimes be misleading. 


During the past 75 years radiologists have learned to deal with 
these problems remarkably effectively when they interpret most routine 
Studies. Various technical procedures also help greatly. Examples 
are multiple views, stereoscopy, and the use of short TFD values to 
gain depth indication by magnification and geometric blur effects. 
Virtually any body cavities, as well as some fluid-filled ventricles 
can be visualized by means of contrast media. However, contrast 
studies are inherently time-consuming and potentially hazardous, 
particularly when surgery is required. All iodine contrast materials 
are potentially toxic, and it is sobering to note that even a "simple" 
barium enema study can be dangerous to an acutely ill, debilitated, 
or aged patient. 


There are a great many studies in which natural contrast provided 
by bone, air and fat is adequate if only the uncertainties of the flat 
image can be overcome. For such work tomography can quickly and safely 
provide invaluable information otherwise not readily available. 


Terived from the Greek tomos--a cut--tomography selectively 
visualizes anatomic slices with both location and thickness adjustable. 
This is accomplished by selective motions during the x-ray exposure of 
any two of three items: the tube, the patient and the film. Such 
motions tend to "blur out" fine image details except those originating 
in the selected planar volume; the result is a relatively bland back- 
ground of uniform contrast. This blurring process is most useful when 
a significant separation exists between the desired and the superimposed 
object (a large "free zone"): for example, in viewing the gall bladder 
without excessive superimposed rib and sternum detail. When obscuring 
anatomy is very close, "thin cuts" are needed to extract desired from 
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undesired details, as in visualizing structures of the inner ear. 


Like most other ingenious radiologic developments, tomography is 
not recent. In 1922 the first patent was granted to Bocage in France, 
and a practicable unit was assembled by des Plantes in 1933.* Since 
then many terms have been used for specific devices: stratigraphy 
(Villebona), laminagraphy (Kieffer), planigraphy (Kieffer), and 
tomography (Grossman). Tomography is now accepted as the generic 
term for all body section studies (8), an unfortunate decision in my 
opinion, since it tends to obscure important differences between 
systems. In the late 1940's, Sans and Porcher developed the 
"polytome," the most sophisticated and versatile body section instru- 
ment. This device was finally brought to the United States in 1957 
by Littleton, who has compared its potentialities with those of 
simpler units in comprehensive experimental work (6), Tomography is 
now a well-established procedure, and should be available in any 
well-equipped diagnostic x-ray department. 


This chapter discusses only the essentials of tomography, 
including the following: 


The objective and how it is accomplished 
Three possible basic movements 

Wide- and narrow-angle tomography 
Linear and multidirectional tomography 
Miscellaneous technical aspects 


mow Pp 


Details of both equipment design and exposure technique are omitted 
here, since these are best pursued by consulting specific manufac- 
turers and the references, which provide a fairly complete bibliography 
for those interested. 


A. Objective and How Accomplished 


Figure 1 indicates how selective contrast reduction can highlight 
a planar volume of diagnostic interest in a patient. At left is the 
image produced by an ordinary exposure, in which images from "A" are 
superimposed on the desired image from "0". These undesired images, 
shown shaded, effectively render the radiograph useless for visual- 
ization of 0. At right is shown the effect of selective motion 
blurring, which reduces A's contrast by a factor of 6, that of 0 only 


*Jean Kieffer of Connecticut apparently submitted a patent application 
several years before Bocage for a similar device, but issuance of the 
U.S. patent was delayed until 1924. Kieffer's work is classic, and 
will be referred to extensively in this chapter. 
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X-RAYS X-RAYS 





FILM 
MOTION 
X-RAY 
EXPOSURE 
TO FILM 
POSITION ON FILM POSITION ON FILM 
ORDINARY EXPOSURE TOMOGRAPHIC EXPOSURE 


Figure 1. Enhancement of objects in a plane by selective 
contrast reduction. 


Left: Ordinary exposure. Superimposed images of 
A and B obscure that of 0. Also, film 
contrast of O image is reduced because 
it lies in toe part of film H-D curve. 


Right: Tomographic exposure. Motion blurring of 
images from A and B reduces their contrast 
6-fold, O image is nearly unchanged. 

O is therefore substantially highlighted. 
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slightly. The result is a fivefold improvement in the desired to 
undesired image ratio; the diagnostic information is now easily distin- 
guished. The selective blurring is accomplished by substantial motion 
of the A images over the film during the x-ray exposure. Such motion 
correspondingly reduces information density and hence contrast of 
images from small and moderate-sized objects (such as smaller bone 
structures in the skull). 


Figure 2 illustrates how this differential motion blurring is 
achieved when the tube and the film move in opposite parallel direc- 
tions, one of the preferred techniques to be discussed later. A 
precision mechanical lever pivots about an axis B ("fulcrum") in the 
plane containing the desired anatomic information ("fulcrum plane"). 
It is obvious that the image of point B on the axis remains at a 
fixed film location during the entire exposure ("in focus"). It is 
perhaps less obvious, but nevertheless demonstrable by simple geometry, 
that all other points in the plane of P parallel to the film are simi- 
larly sharply imaged. However, images of points such as A and C in 
other planes move farther than the film (A) or less than the film (C), 
so they are blurred. The motions on the film of images from these 
points are given by the formulas: 


M, = Ap" + Bal = af [ean(0/2) D/(a - a)} (la) 
Mp = 0 (1b) 
Mo = B'c" + cC'B' = a{ (kan (0/2) D/(a + a)} (1c) 
Here, D = the minimum TFD 
@ = the angle of motion during exposure (angle B'BB") 
a = the plane-target distance (perpendicular TAD) 
d = the distance of A or C from B 


To illustrate, suppose D = 30", @ = 40°, a = 24", and d = 0.75". 
MA and Mc are then about 9 and 8.3mm, respectively. For an obscuring 
high contrast image of 2mm, the contrast is reduced roughly 4 times; 
for a lmm image, roughly 8 times. Contrast is not significantly 
reduced for larger objects, but fortunately their presence contributes 
a relatively uniform background that is only minimally disturbing to 
diagnostic search. Note in equation (1) that for a given distance 
(d), objects more remote from the film are blurred out more effec- 
tively than those closer to the film; it is sometimes helpful to con- 
sider this effect in positioning a patient. 
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TUBE MOTION 





FILM MOTION 


Figure 2. Differential blurring by opposite parallel motions of tube 
and film, with mechanical lever about axis B in desired plane. 


Level B: Images not only of B but also of other objects 
in its plane travel synchronously with the film. Since there 
is no image-film motion, there is no motion blurring. 


Levels A and C: Images of these points outside the plane of B 
move, respectively, more and less than the film, so they are 
motion blurred. See equations (la) and (lc). 
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Two terms in tomography should be specifically defined: "depth 
of cut" and "thickness of cut". The first refers to the anatomic level 
in the patient of the unblurred plane. This is clearly determined by 
the rotational axis ("fulcrum") location relative to the patient, and 
in practice is adjusted by shifting either the patient level or the 
axis position. It is evident that any mechanical shift or instability 
of this axis level during tomography produces either an error in 
depth location or "mechanical tomographic blurring," respectively. 
"Cut thickness" refers to the planar thickness clearly visualized. 

It is much harder to define precisely, and is considered at greater 
length under (C). 


B. The Basic Tomographic Movements 


These are all shown in Figure 3. Note that I(a) and I(b) are 
equivalent. I(a) has long been used to visualize structures of the 
head ("autotomography") by directing the patient to rock his head in 
appropriate ways during the exposure. The technique has been used in 
radiography of the cervical spine and the brain ventricles (Villebona | 
"stratigraphy"(1)). 


Kieffer (5) has shown that the focal plane is always parallel to 
that of the film or other detecting system. Note that this plane is 
fixed in both (II) and (III) of Figure 3, but rotates in (I). Asa 
result, the first system produces only a narrow sharp band of anatomy 
in the axial plane, beyond which images are increasingly blurred. 
Consequently the method is not used generally nowadays, despite its 
obvious advantages of simplicity and low cost. 


System (IIL), designed by Grossman, resembles (I) in retaining a 
tube lever arm of constant length. However, Grossman substantially 
corrected the difficulties of (I) by hinging the film cassette to 
permit its motion without planar rotation, thereby permitting a truly 
planar body section. However, a slight increase remains in thickness 
of the planar volume toward the sides. The method is useful, never- 
theless, and works almost as well as system (III). Only motion (III) 
selects a truly planar volume, a fact demonstrable by simple geometry 
(1,5). 


Kieffer showed that the selected plane can be tilted through 90° 
with respect to the direction of motion, by simply rotating the film 
plane as in III (b). Moreover, one can perform transverse body 
sections by at least three types of motion, all of which are modifi- 
cations of (III). These are shown in Figure 4. The first (a) is 
simply (III) with the cassette plane rotated 90° (called "vertigraphy" 
by Kieffer in 1938). The second (b) was used for many years: the 
patient is rotated about a fixed vertical axis during the exposure, 
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Figure 3. Three basic tomographic movements. 


I. Simple rotation, either of the patient or of the tube 
and cassette. Cut thickness increases rapidly 
with distance from rotation axis. 

II. Rotation with constant film plane (hinged cassette). 
Cut thickness is nearly constant (b). 

III. Parallel opposed motion of tube and film. 
(a) Film and cuts parallel to motion. 
(b) Film and cuts oblique to motion. 
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Figure 4. Transverse body section -- three methods. 


(a) Method III with film turned 90° to its motion. 

(b) Patient and film rotate simultaneously in opposite 
directions about vertical axis, with fixed beam. 
Cut is in horizontal plane. 

(c) Patient horizontal, film vertical, struck obliquely 
by beam. Both film and tube rotate about axis 
AA', which is parallel to patient axis. 


Method (c) is commonly used for treatment planning 
in radiation therapy. 
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with the beam fixed and directed obliquely. The cassette synchronously 
rotates about a parallel vertical axis, thereby achieving the required 
opposing parallel motion. More satisfactory transverse axial tomo- 
graphy is accomplished nowadays using a method which permits the 
patient to remain horizontal, as in most modern radiation therapy. The 
tube and cassette are rotated about the patient's axis, with the beam at 
a large oblique angle to the film as shown by Figure 4 (c). 


In principle one can adapt an ordinary radiographic system with a 
bucky tray to ordinary tomography, and this was done in the 1940's. 
A hinged bar and motor drive are attached to the tube, table, and bucky 
tray; this permits the tube to move in an arc about an adjustable axis 
while the bucky tray moves in the opposite direction on the bucky track. 
Such "bucky attachments" are inherently only improvisations, and me- 
chanical blur and uncertainty of fulcrum depth compromise the quality 
of the tomographic work. Modern systems have been specifically designed 
for tomography, with precision fulcrum position and rotation control, 
floating tables, and other improvements, and a dedicated specialized 
tomography apparatus should be used wherever economically feasible. 
This is consistent with the general principle that optimal equipment 
performance, minimal technical errors, and rapid work flow require 
the use of many dedicated specialized x-ray machines, rather than a 
few multipurpose units in busy departments. 


C. Wide- and Narrow-Angle Tomography 


Equation (1) makes it quite clear that for a given machine the 
blurring motion depends primarily on the "tomographic angle" (9) and 
distance (d) of interfering anatomy from the focal plane. We are thus 
limited to selecting the plane and the tomographic angle, and for a 
given value of d, @ determines the degree of blurring. It is evident 
that a thicker section can be seen with tolerable blur using small 
tomographic angles rather than large, leading to the essentially qual- 
itative concept of "thick cut" and "thin cut," respectively. From a 
scientific point of view, the minimum useful cut thickness is (2do) 
where do is the distance from the focal plane at which motion blur 
equals the total from other causes: focal spot penumbra, screen, part 
motion, and mechanical blurring. In practice, the lower cut thickness 
limit is about a millimeter, with a centimeter used most often. 


Thin cuts 


Three separate causes limit how thin a cut may be successfully 
used. The first is blurring contributed by tomography itself. The 
plane-film distance must be increased to permit the required motion, so 
geometric blur is increased; 0.6mm focal spot tubes have been used 
effectively in cerebral studies to control this problem. Another 
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problem results fromgreater screen blur with larger values of 0 
("parallax blur"), since two screens are used. This can be controlled 
by a single-screen technique. In addition, the tomographic image is 
inherently less sharp than an ordinary type precisely because the 
object is viewed from many angles, so that the final result is a 
summated image. This "tomographic blur" will of course be augmented 
by any tube, film, or fulcrum motion irregularity, which produces 
"mechanical blur". It is evident that a resolution price must be 
paid in all tomography, which increases as the section thickness 
decreases. 


The second limit is set by contrast. Ideally one would have the 
best tomographic image if the desired section could be temporarily 
extracted from the patient and radiographed. However, the radiation 
physics is inexorable: thinner parts present decreasing x-ray con- 
trast. Consequently, only bone can be seen usefully in very thin 
sections, such as those of the skull (for example, the small bones of 
the inner ear). 


Finally, essential landmarks are inevitably lost when extremely 
thin sections are extracted from their surrounding anatomy. Conse- 
quently, a great many cuts are required to make certain of the cut 
level; all the while the patient's normal physiologic motions add 
to the blur as well as to uncertainty of cut depth, and patient dose 
increases with each cut. (The landmark problem is similar to that 
found in microscopy of very small objects.) 


Of the above problems, patient motion is often the most serious. 
This has led to the use of simultaneous multiple film tomography 
(Figure 5). A "book cassette" type of detector is used, in which up 
to seven films are exposed simultaneously at different distances from 
the fulcrum. Note that only one true fulcrum exists in the physical 
sense. However, from an imaging point of view it is easily shown 
that good "focus" cuts are obtained on the various films for cor- 
responding levels in the patient of appropriate "virtual" fulcrums. 
Since intensifying screens are used, attenuation occurs in the upper 
screens, so all must be carefully adjusted in sensitivity with the 
least sensitive pair at the top, the most sensitive at the bottom. The 
commonest units have lcm section separations; sponge rubber is used to 
both separate the screens and assure good screen contact. For visual- 
izing small bones of the inner ear (plesiotomography), lmm cuts are 
desired, so screens are separated primarily by their own thickness, 
but the same principle applies. 


* 


*This is only approximately true in principle, but with acceptable 
blurring for most applications 
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TUBE FOCUS MOTION 
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PINS 
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FILM MOTION 





Figure 5. Simultaneous multiple film tomography. 
(Book cassette tomography) 


Three film levels are shown in the book cassette: (1), 
(2) and (3). Objects in the focal plane B are imaged 
sharply only by film (2), but blurred by (1) and (3). 
However, images from planes A and C are sharp on films (1) 
and (3) respectively. Consequently A and C are essentially 
"virtual foci" for these locations. 


To a first approximation the plane cut separations are 
given by d = b/m, where m is the magnification of an object 
at B on film (2) and b is the film separation; this is ade- 
quate for most applications. 
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Book cassettes have a serious disadvantage: fog, produced by 
scatter from the various screens, which greatly reduces contrast of 
the various images. As a result, simultaneous multiple tomography is 
used only when necessary. 


Thick cuts 


Thus far we have been concerned primarily with visualization of 
very thin sections. As indicated above, such studies are limited by 
contrast considerations to high radiographic density parts such as 
bone and contrast-filled vessels, and in addition may present serious 
problems of interpretation. In recent years much work has been done 
using minimal motion--just enough to blur out gas or bone shadows 
above soft tissues. From equation (1), this takes advantage of situ- 
ations in which a substantial separation of the desired and undesired 
objects exists ("tomographic free zone''). Such small angle tomo- 
graphy is called "zonography." An arbitrary classification exists: 


Tomographic angle Type study 

40-50° Thin cut 

20-30° Medium cut 

5 to 10° and less Zonography--thick cut 


Where applicable, zonography is preferred because resolution, contrast 
and anatomic information are all maximized, and only a few cuts are 
needed. When necessary, thinner cuts can always be added later, with 
useful guidance then provided as to the required cut location and 
thickness. 


D. Linear and Multidirectional Tomography 


Thus far we have considered tomographic blurring strictly along the 
direction of motion. While this is sufficient for a start, true tomo- 
graphy requires multidirectional motion to blur out images of objects 
regardless of their orientation (Figure 6). This can be accomplished 
by some type of two-dimensional motion, such as circular, elliptical, 
Archimedes spiral, and hypocycloidal. Machines are made for two types 
of motion: linear, in which the tube and the film travel only straight, 
and multidirectional, in which the tube and the film optionally perform 
one or all of the above complex motions (the polytome). We shall 
briefly compare the two systems. 
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Linear Tomography 


A good special-purpose linear tomographic unit can be purchased 
for less than half the price of a polytome machine, a fact that often 
tends to outweigh the unquestioned advantages of the latter. Unfortu- 
nately, in the linear unit images of objects out of the fulcrum plane 
are blurred only if they are perpendicular to the tube motion. As a 
result, "parasitic streaking" is superimposed on the desired image; 
such streaking can be troublesome. Yet, remarkably, a good linear 
unit can give valuable results in the hands of experienced and capable 
users. 


Multidirectional Tomography: The Polytome 


The polytome can give a good clear image with negligible streaking. 
Also, the two dimensional motions reduce the required angle of incidence 
for a given travel motion, so that screen parallax blur can be reduced. 
As shown by Littleton, only the polytome truly visualizes a planar 
volume, so in principle the unit is preferable on theoretical grounds. 


A caveat is in order, however. Precisely because circular types 
of motion are employed, phantom images are produced. This is because 
the margins of round objects tend to be emphasized by circular tomo- 
graphy, and anatomic objects tend to be round. Phantom images are 
blurred images of high-density round objects outside the plane of 
interest. Tomography tends to both enlarge and reduce the contrast of 
such objects. Linear tomography simply projects a high-contrast streak 
with low-contrast ends. Circular tomography projects a low-density 
circular image with enhanced margins; this may have to be proved 
spurious by another radiograph. Hypocycloidal and spiral motions are 
provided to reduce the probability of phantom images. 


Comment 


It is evident here, as is so often the case in radiology, that the 
sophistication of the user is often more important than the sophis- 
tication of his equipment. The hard-pressed clinical staff will 
generally welcome help from the physicist who takes the trouble to learn 
both the technical and the clinical aspects of tomography. 


All tomography can seriously distort the anatomic image, partic- 


ularly of thicker objects. Edholm's exhaustive study is an excellent 
reference on this subject (3). 


E. Technical Aspects 


Several aspects of tomography are now considered which are best 
covered separately. 


217 


Testing procedures 


Tomography units require careful installation and may go out of 
adjustment in use. NBS H’.89 describes techniques used to check the 
timing, exposure sequence, type of motion, and overall mechanical 
performance of tomography machines, using a pinhole and cassette 
technique (8). 


Special Tomographic Views 


The above discussions have considered only exposures taken with 
motion symmetrical with respect to the central ray. Cullinan describes 
a technique in which a 40° mechanical motion is used, with x-ray exposure 
only during an early portion of the motion (oblique tomography), to avoid 
superimposing images of dense body parts. Similar ingenious techniques 
are described elsewhere in the literature (all too rarely!), and should 
in principle exist in far greater number. 


Caveats 


It has been mentioned that tomographic contrast tends to be low. 
Since scatter fog is particularly objectionable, the use of good grids, 
small fields, and similar scatter control is mandatory. 


Tube overloading is a serious hazard in tomographic work where many 
lem sections may be exposed in rapid sequence to expedite an examination. 
In addition, each exposure requires increased mAs because of oblique 
body penetration, increased distance, and the necessary use of lower kV 
technique to emphasize contrast. This combination can result in thermal 
overloading of the tube anode if the technologist does not wait long 
enough between cuts. Radiation dosage to patients may be significant in 
tomographic studies. For example, dosage levels of 10 rads have been 
measured to areas near the eye lens in pluridirectional plesiotomo- 
graphy (10). 
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IMAGE QUALITY 


Kurt Rossman, Ph.D. 

Department of Radiology, 
University of Chicago Hospitals and Clinics; 
The Pritzker School of Medicine, and ,vhe 
Argonne Cancer Research Hospital”, 

Chicago, Illinois, 


Introduction, 


In preparing my three lectures for this session I had to make a 
decision either to discuss a few topics in great detail, or to give a 
broad overview of the problems in image quality research, I chose the 
latter course, Many of the concepts and methods that I will discuss 
are still fairly new, We started working in this field, in earnest, 
about eight years ago, and have since slowly accumulated quite a bit of 
knowledge, most of which is not available in books, so I felt that it 
would be most useful to give a Cook's tour through the field of image 
quality research; what we have learned; what problems still exist, 


The Central Problem. 


EXPOSING RECORDING 
X-ray Tube, _____input__., + Imaging System Output 
Object X-ray “inp ate System Radiographic Image | 


DETECTION zee 
ystem 





RECOGNITION | 
q—Final Output | Radiologist's q Eye Out put 
Diagnosis Brain Visual Image 


This outlines the radiological process, and this is the beast we 
are studying in image quality research, from two aspects: First, to 
try to understand what is going on, and second, once we understand, hope- 
fully we may be able to optimize the process, The process consists of 
four operations, The exposure operation involves the x-ray tube and 
the object and produces an x-ray pattern in space, that is, a spatial 
distribution of x-ray intensity, This serves as the input to the 
recording operation performed by the imaging and recording system which 
produces the radiographic image as output, The image is the input far 


* Operated by University of Chicago for the U.S, Atomic Energy Commission, 
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the detection operation, which includes the viewing systems; projector, 
ijluminator, the eye of the observer, the eye/brain combination etc, 
At this stage the radiologist is merely trying to tell if there is some- 
thing of interest there or not; he is not yet trying to decide what it 
means, Finally the output from the eye/brain system is the visual 
image which is the input to the recognition operation, and it is here 
that the medical decision, leading to the final output, the diagnosis, 
is made, The physicist must understand each one of these operations, 
if possible, and this is most probable with the first two, while some 
work is going on with the third, When the operations, and how they 
interface with each other, are understood, then it may be possible to 
optimize the weakest link in the chain, whichever process deteriorates 
the most, Thus we must first understand the physics and the psycho- 
physics of the very complex process, 


Focal spot size (geometric unsharpness) 
kV (subject contrast) 
Time (motion unsharpness) 


X-ray ; 


These are some of the factors that affect the exposing operation - the 
list is not complete but it indicates the complexity of this operation 
itself, since they are interrelated. If the focal spot is made small 
to reduce geometric unsharpness, the tube load capability is affected, 
for example, and the effects on the output from this operation are in 
general difficult to investigate, 


X-ra Radiographic 
Exposing ea Recording 
Image 


Screen film optics (unsharpness ) 
Exposure speed (noise) 
Film sensitometry (contrast) 


These are some of the factors for the recording operation, Here again 
there is interrelation between them, for instance the recording of the 
noise is affected by the contrast; the sharpness of the final image is 
affected by film contrast etc,; again a very complex situation, 
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Light — 


Quantum Mottle Radiographic 


Film Contrast Image Quality 
Image Contrast 
Image Configuration 


These are the factors which we have found, by experience, to be involved 
in the imaging system, Light diffusion affects the optics of the 
systems; quantum mottle is a fancy name for the noise recorded by the 
system; film contrast and image contrast affect the ability of the 
radiologist to detect things; and finally, image configuration —- the 
shape of what the radiologist wants to see - for example a linear ex- 
tended shape (or blood vessel) or a roundish shape (or gall stone), 

The arrows in the figure indicate the interactions between these factors; 
thus quantum mottle depends on light diffusion and film contrast, Un- 
fortunately there are still other factors that complicate the problem 
still further, 


Radiological Knowledge 
Diagnostic 


Image Quality 


Pattern Recognition 
Physical Image Quality 


Here again the list is incomplete, The first one will be discussed 
later on, but it includes the content of the 'memory bank' the radiol- 
ogist has at his disposal, and his opportunities to update that inform- 
ation, The second factor is a combination of individual talent and a 
matter of training, Physical Image Quality is not the most important 
part of this whole problem by itself, It is possible to produce a 
magnificent, sharp, noise-free image that looks beautiful but may not 
be better, and could even be worse than the current diagnostic image, 
We must now allow our enthusiasm to run away with us but temper it to 
the problem of improving diagnostic image quality, 


Physical Image Quality, 


Optics and Noise, 


This figure shows two radiographs of a simple test object, a 
steel needle, The one on the right was made with direct x-ray filn, 
and is a beautiful image with low noise background and excellent sharp- 
ness, That on the left was made with a screen film combination, using 
the same kVp but a much shorter exposure, The speed gain, often a 
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energy. Depending on the diffusion and absorption properties of the 
phosphor, the emitted blue light within a certain solid angle will 
reach the emulsion, and image the small crystal, which may range in size 
from 5 to about 20 microns, as an area on the emulsion, This is unsharp 
imaging, as can be seen from the dimensions quoted for the different 
layers, A second process can also occur in which the light from the 
first screen penetrates the emulsion and the base and is then absarbed 
in the second emulsion, Geometrically, this is even less sharp 
imaging, This effect is called "punch-through or cross-over exposure", 
Similar processes occur in the second phosphor layer so that the final 
radiographic image is a superposition of four images - poor optics, 

poor geometry, lMt is apparent from this that excellent screen-film 
contact is absolutely necessary to get the best sharpness possible, 


The next figure shows the set-up used to measure the unsharpness, 
or light diffusion, of the system, An x-ray tube and a vacuum cassette 


Vacuum cossette X-Ray tube 
ond support 






Screens Platinum \ 


Vacuum cassette, \ 
plastic back 


Apparatus for making x-ray slit exposures. 


with its support are mounted on an optical bench, In front of the 
cassette is a slit made of platinum jaws, The x-ray image of the slit 
is formed by the film-screen combination, The vacuum cassette eliminates 
effects of unsharpness due to poor screen-film contact, because we wish 
to measure just the optics of the combination alone, The width of the 
slit was 10 microns (for reasons that will appear later) and the jaws 
were 2,000 microns thick to avoid penetration of the x-rays through 

the jaws, Alignment problems with such a narrow, deep slit are part- 
icularly severe, 
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a noise pattern due, essentially, to input noise, i.e, the absorption 
events taking place in the screens; and to system noise, i.e, structural 
mottle in the screen which is negligible, and film graininess due to 
the statistical distribution of photographic grains in the emulsion, 


(Q,: Where does 'fog' fit in? 

A,: Fog could be considered a form of noise, but it is not being 
considered here, Only the elements that produce the grainy 
appearance are being included, ) 


-Incident X-ray quanta 
G 


SCREEN - . > - Absorbed X-ray quanta 


4-10 quanta/mm’ 
FILM) <--* 


\ 
\ 


\ Images of light flashes: 
quantum mottle 


This figure sketches the origin of this noise, The incident x-ray 
quanta are shown falling on a single phosphor layer (the screen) in 
contact with an emulsion, To get an optical density of i on the fi 
used with medium speed screens requires, on the average, about 4 x 1 
quanta/mm2 to be absorbed in the screen, Each absorption event results 
in light emission which is imaged on the film, and thus the quantum 
mottle is, in fact, the images of the screen scintillations, 


1 0; =ff,a 2 D= qlogz)+ c 


sitio 
Jie 


3 4D= 0.4365 4 05 = 0,436 





(See A.J.R. 903 863, 1963. ) 


This shows the first attempt, some years ago, to analyse this noise and 
show how the fluctuations of photographic density in the film depend on 
the number of quanta absorbed, and the film characteristics, The screen 
can be divided into elemental areas, each of which absorbs a different 
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number of quanta, x1, xg and so on, This is a statistical process with 
a Poisson distribution, Therefore the standard deviation of the 
absorbed x-ray quanta will be the square root of the average number of 
quanta absorbed per unit area, This can be related to the standard 
deviation of the density fluctuations in the film and this in turn can 
be shown to be proportional to the gradient of the film - that is, the 
contrast, and inversely proportional to the average number of x-ray 


uanta absorbed per unit area times the size of the area considered 
(Eq uation 4), 


The conclusion from this is that the higher the contrast of the 
film, the greater will be the fluctuations in density, and the more 
annoying the quantum noise, This is to be expected since quantum noise 
is the image of screen scintillations, and higher contrast would make 
it more visible, Also the analysis shows that the faster the system 
(that is, the smaller the number of x-ray quanta that we need to 
absorb in the system), the greater will be the fluctuation in background 
density, or noise, 
x-rays 


same 
density 


Pattern of 
light 
flashes 
Seen by 
filn, 





Here, schematically are shown two identical screens in contact with a 
slow film, and a fast film, both being exposed to the same density, 
The slower film must receive more light and therefore its screen must 
absorb more x-ray quanta, so the film will look as sketched, The 
faster film will have less light and so the pattern will be as seen on 
the right. Statistically speaking, and visually, it will look 
noisier - like raindrops on a sidewalk, 
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theory and needs to be explained, (According to the simple theory, 
the noise should have been the same, since the same number of quanta 
were used, ) 


Film grain pattern 


SCREEN-FIIM SYSTEM 


Input Amplification, Out put 
eee nN sera ore 
—————— incomplete transmission 


of information (poor ee — 
imaging), 


X-ray quanta 





This can be approached as outlined above, We treat the screen- 
film system as a system having amplification properties, and also having 
incomplete transmission of information, i.e. poor imaging, This is a 
communications theory approach, The x-ray quanta are the input to a 
system that has certain transfer characteristics resulting in the output 
in the form of photographic density fluctuations (the quantum mottle), 


In addition we have system noise - the film grain pattern, This approach 
led to the following result: 
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The effect of system unsharpness on the appearance of quantum motte. 


If we could do this experiment, using the same film with a sharp screen 

and with an unsharp screen of the same speed, we should have the same 
humber of quanta absorbed in each case, but noise patterns of different 
character, because of the difference in sharpness of the two screens, 

In practice it was not possible to have a sharp and an unsharp screen of 
the same speed, so experimentally the speed factor could not be eliminated, 
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in the case with the spaced screen where the noise was not imaged at 
all, This can predict what we found from experiment, If the system 
is made very unsharp only the grain term remains - as we saw in a 
previous figure, If the system is perfectly sharp, we obtain what pure 
statistical theory gave us in the past. (We could have added the grain 
term in previously since 


2 = 
oT D tien : - se 
Thus the commumication theory approach is more comprehensive than the 
older theory, which stems from the work of Rose, The earlier theory 
ignores the fact that it is necessary to take in to account the imaging 
properties of the system as well as the pure statistics, 


(Q.: What is typical grain size? 
A,: About 5-10 microns in developed x-ray film, By eye one can 


only see clumps of grains, ) 


Detailed derivations of the F function and these equations can be 
found in the references cited at the end of this presentation, 


This concludes the discussion of system optics and noise, but 
for completeness some comments are in order to tie it in with image 
intensifier systems, As mentioned before, what happens with screen- 
film combinations happens even more with intensifiers, Since, with 
these, fewer quanta are needed (the system is fast), the noise is worse, 
The optical characteristics are also worse due to the difficulties 
with electron optics, difficulties in the input and output screens, 
resulting in more unsharpness, 


The great problem in this area for system designers is the conflict 
between system speed and system sharpness, The same problem exists in 
nuclear medicine, To improve sharpness, the screen must be thinner but 
this means that fewer quanta will be absorbed, and less light is produced, 
so the system is slower, To improve speed it is necessary to absorb 
more quanta and this requires a thicker screen, resulting in more light 
diffusion and less sharpness, With recent work using new materials, new 
techniques of intensification etc,, a break-through seems to have been 
made so that the resolution of intensifiers can be doubled to about 
4 cycles/mm, At the same time the absorption efficiency is being 
improved from the current 15-20% up to about 50%, So it appears that 
reduced noise and increased sharpness will be possible, 
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Communications Theory Applied to the Imaging Problem, 


Point Spread Function; Line Spread Function; Modulation Transfer Function, 


TRANSFER 
— — ~ CHARACTERISTICS~ ~~ 





| 


This shows the communication theory approach, This seems a 
logical tool to use as, in the first figure, we saw the radiological 
process consisted of a series of such systems in sequence, We have a 
system, which is to transfer information of some kind, We consider the 
system itself as a black box, and ignore what goes on inside, concen- 
trating only on the input and output, The question to be answered is: 
Given a known input, how is the output related to it, and can we predict 
what it will be? If we have a measure of this connection, then we have 
the possibility, by optimizing the transfer characteristics, to produce 
the output which suits us, This output may be desired to be a faithful 
reproduction of the input, or it could be something different that is a 
better diagnostic image, In this respect our requirements may differ 
from those of photography, where faithful reproduction is commonly re- 
quired, In radiology we are not so certain, For example tomographic 
images are very different from the input, and are miserable looking in 
terms of physical quality, and yet extremely useful in terms of diagnos- 
tic quality, However, our problem is to define and measure the transfer 
characteristic, first of all, for each of the systems that make up the 
radiologic process, 


Intensity 
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The point spread-function is the image of a 
unit intensity point source (arrow). @, nonisotropic 
system; ), isotropic system. 
This figure shows a very simple input, a point source located in 
the object plane of an imaging device, The source has unit intensity 
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and the input is transferred through the system and results in an output 
in the image plane, If the system had ideal imaging characteristics 

it would image as a point, but in practice light will diffuse out of this 
perfect image, The resulting intensity plot will be a hump on the 
area, For an isotropic system there will be circular symmetry, although 
non-circular cross sections could result with different systems that we 
shall not discuss, This image of a unit intensity point input is 
called the Point Spread Function of the imaging system, and as such is 

a measure of the optics of the system, This is our first step towards 
finding a general transfer characteristic that can be used for any 
possible input, 


Superposition Theory of Linear Systems 
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Here we consider a linear imaging system, That is one in which 
the output is linearly related to the input, There are two important 
properties of such a system; multiplication and superposition, The 
nultiplicative property means that if we multiply the input by a certain 
factor, then the output will be multiplied by the same factor, The 
superposition property means that the response of the system to several 
simultaneous inputs will be the same for each input as if it were by 
itself, i.e, the system will transfer it according to the PSF and image 
it as an individual output, The final image then will consist of the 
superposition of all these individual outputs, The important stipulation 
that must apply before any of these concepts, PSF: ISFs MIF, can be 
applied to imaging systems, is that the systems must be linear, 
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Intensity Intensity 


System 





Object plane Image plane 
The image of two point sources (point spread function), 


Here the input is slightly more complex; two point sources with 
different intensities, With a linear system, superposition holds 
and they are both transferred as if the other were not present; multip- 
lication holds as each of the PSF images are multiplied by the proper 
intensity factor existing in the source, This output is what the eye 
would see or the film record, Conceptually it is easy to extend these 
ideas to complex inputs, which can be considered as made up of a 
mathematical infinity of point sources of different locations and 
intensities, Mathematically this is called a convolution process, 
Thus if we can measure the FSF of an imaging system we can then do the 
mathematical convolution, To measure the PSF is difficult in practice 
since it must be scanned with a very small aperture, exactly through the 
center, Fortunately a simpler way exists, 


Intensity Intensity 





Object plane Image plane 


The image of a line source (line spread function), 


If, instead of a single point source, many point sources are 
aligned, we have a line source in the object plane, again of unit in- 
tensity. Transferring this through the system and recording the image 
on an emulsion gives a result that looks like a welt on the image plane 
whose width is determined by the optical properties of the systen, If 
the slit width is narrow relative to the width of the output (image), we 
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have now the Line Spread Function. This restriction was the reason for 
the 10 micron slit width discussed earlier when the LSF was to be measured , 
the slit was narrow relative to the light diffusion caused by typical 
screen-film systems and we have for practical purposes a line input, 


(Q,: How narrow should it be - perhaps 1/10 of the full width at 
half maximun?) 
A,: That would be a good starting value, ) 


intensity Intensity 


System 
> 





Object plone Image plane 


The image of two line sources formed bya 
linear system (superposition principle). 


Here we see a more complex input with two line sources of different 
intensities, with their corresponding outputs, Since we are working in 
one dimension it is a little easier to explain the convolution process, 
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Schematic illustration of one-dimensional convolution, Only 
a few of an infinite number of elemental line images are shown, 
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to a system, In radiology it is impractical to create a sinusoidal 
x-ray intensity in the same way, especially at high spatial frequencies, 
and a modified version of this test object must be used, To explain the 
concept of the MIF however, we shall continue to talk, for a while, in 
terms of the light test object, If the projected slide of this figure 
is defocussed, the patches of high spatial frequencies are not resolved 
any more, The lower the spatial frequency the better is the resolution 
but the overall amplitude has also been somewhat reduced, Hence we 
have done something to the lens which has reduced its ability to 
transmit sinusoidal inputs of high frequency with high fidelity, This 
is the basis of the concept and application of MIF, 


OBJECT IMAGE 
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A, Light intensity distributions transmitted by three of the test 
patches in previous figure (schematic), 

B, Modulation transfer function calculated from intensity 
distributions in previous figure (schematic), 


This figure shows schematically what happened when the previous 
slide was defocussed, In Fig, A we see the input transferred through 
the system, and that the amplitude is reduced, This reduction is 
greater for the higher frequencies, We assume that there are no phase 
shifts introduced by the system - we are still dealing with an isotropic, 
linear system, In Fig, B we plot the value (amplitude of image/amplitude 
of object) as a function of test patch frequency, in cycles/mm, For 
zero cycles/mm - essentially a uniform flash - we get perfect response, 
and the output looks like the input, As the frequency increases the 
ratio decreases until it reaches some very low value that we could 
define as the resolution limit of the system, This curve, this function, 
is the Modulation Transfer Function of the imaging system, Later we 
shall see how the MIF can be used, 


To summarize this section, the next illustration shows the two 
domains that we can work in, In the spatial domain the object is an 
intensity distribution in space, e.g, an x-ray distribution, The system 
can be called a transducer, and the output is an image with an intensity 
distribution - perhaps a light distribution in an emulsion, The conn- 
ection between the object and image is a general transfer characteristic, 
the PSF or the ISF, The mathematical process to get the output from 
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the input is the complicated convolution integral, 
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Summary of concepts used in optical communication theory, 


In the frequency domain, the object is defined by an amplitude dis- 
tribution (to be considered later), rather than an intensity distribution, 
The system is treated as a filter, a transmitter of spatial frequencies, 
Thus the MIF shown in the previous figure can be called a low-pass spatial 
frequency filter, Screen-film systems are low-pass spatial frequency 
filters, In this domain the image is also expressed as an amplitude 
spectrum, The connection between the object and the image is the mod- 
ulation transfer function (NTF), and to get output from input, all that 
is necessary is to multiply the input by the MIF. We have avoided the 
convolution but on the other hand we cannot measure the amplitude spectrum 
directly, To get from the spatial domain to the frequency domain we 
need a Fourier transform, 50, in whichever domain we work there are 
some mathematically difficult operations to perform, The advantage, 
however, of the MTF, and its multiplicative property, make this very 
important in practical applications, 


241 


The photographic test object that was shown earlier produced a 
sinusoidal variation in light intensity, so that it can be used directly 
for MTF work in photography, In radiography it is difficult to design 
a test object that produces an x-ray intensity which varies sinusoidally 
in space, especially for high frequencies of around 10 cycles per mn, 
and instead a test object of lead bars is used, Fortunately we can 
measure ISF and from that calculate MIF by Fourier transformation (with 
the aid of a computer) and this is the method that is chosen in radiog- 
raphy, So we measure ISF, calculate MIF from that, and then calculate 
PSF. - which is difficult to obtain experimentally. 


The Measurement of Line Spread Functions, 


In the previous discussion about LSF and PSF we have referred to 
object and image plane and it is necessary to relate these planes to the 
Practical case in a radiographic situation where we have a source, an 
extended object, and usually an extended imaging system, Screen and 
films are usually quite thin but in the case of the image intensifier 
the imaging system is quite extended, so the problem is to decide where 
the object and image planes are located, For some very important 
reasons one chooses to put the object plane as close as possible to the 
imaging system - so that we are able to separate the optical effects 
related to the source and the geometry (e.g. geometric unsharpness) from 
the optical effects of the imaging system, So it is possible to treat 
the exposure operation separately and define an MIF or LSF, or transfer 
function, for this part and obtain the output from this operation - an 
x-ray distribution in space - which then serves as the input to the 
imaging system, The image plane is more difficult to locate, In an 
intensifier there are several imaging planes, while in the screen-film 
system we could say that each emulsion was an image plane, Since we 
are dealing with very poor imaging, in general it does not matter very 
much where exactly we place our image plane in the film-screen sandwich, 


The equipment we are using to obtain the ISF consists of the x-ray 
tube, and,at a fixed distance from it,a lathe mount that can be rotated 
and adjusted very accurately, On this is mounted a vacuum cassette in 
front of which is a slit made of platinum jaws, The slit is 10 microns 
Wide and 2,000 microns thick, The window is closed by a mylar sheet 
s0 that the whole cassette can be evacuated so that the film and screen 
are squeezed together and effects due to poor film-screen contact are 
avoided, and we only measure the effects due to the screens and films 
themselves, The slit was made variable from 4 to 2,000 microns in width, 
so that it could also be used to study the imaging of edges(- a very 
wide slit will image each edge separately,) and to study the influence of 
Slit width on ISF, However for this work a constant width of 10 microns 
has been used, Accurate adjustment capabilities are very essential so 
that the slit can be aligned with the x-ray beam, The alignment is 
achieved experimentally by imaging the slit on very fine grain, slow 
photographic film, and measuring the density, When proper alighment 
has been obtained, both edges of the slit will be perfectly sharp and 
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The cost of a commercial model of this equipment, similar to that 
used by Dr Bates, including the microdensitometer, electronics, and the 
strip chart recorder, is around $25,000, and I must emphasize that for 
accurate quantitative work it is not possible to use cheaper equipment, 
The cheaper equipment will not have the same mechanical and optical 
finesse or the necessary stability or rigidity, 


The microdensitometer comprises a light source, a microscope that 
images the light source on to the sample, held in a stage, The stage 
is driven by a precision screw perpendicularly to the optic axis —- one 
of the requirements that adds to the cost, The film sample is illumin- 
ated with a small image of an entrance slit which is small because we 
need to reduce scatter in the emulsion itself during the measurenents, 
After transmission through the film the light is picked up by another 
microscope (the optical system is symmetrical) and projected on to a 
photomultiplier detector, The signal from the photomultiplier is 
amplified and then recorded on a strip chart recorder, The stage holding 
the film can be moved at a variable speed and the recorder chart speed is 
also variable so that we have the choice of a wide range of linear mag- 
nification for the final output, The appropriate choice will depend 
upon the particular study - if you are looking for large things then 
less magnification is required; for smaller things it may be necessary 
to stretch out the record, The alignment of the slits is quite critical, 
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Characteristic curve of a typical radiographic 
film-screen combination. 
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. The # & D curve. Allustrates the. ‘problem that one has. to. solve 
when. evaluating the ISF of screen-film systems, For the applicstion of 
the theory, thet wad diacusced previously, it is very important, thet the 
system be linear - that output and input are related in a linear manner, 
With the screen-film combinations the input is the rey exposure and — 
the output ie the photographic density. ‘on the film, ‘These are obviously 
not related linearly, and therefore one cannot express. the. Isr in terms © 
of film density es a function of distance - this would 
‘solution to this problem is to: linearize. the system by. working. with the. 
Light intensity 4n the emulsion that will produce a given density, rather» 
‘than with. thi density Ateelf, Now wa are ‘dealing with an Anput ‘e-ray MS 

exposure and an “output light exposure in the emulsion, ani these two - ne 
are linearly re: ated, In order to obtain the exposure in the emulsion | 

which gave the 
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Relative illuminance 





100 
Distance (2) 


Line spread-functions of a sharp (A) and an unsharp (B) screen- 
filam system. 


These are the ISFs obtained from the two slit images shown previously, 
the medium and the fast screen-film combination, By knowing this we are 


able to actually measure the extent of light diffusion in the screen- 
film combination in a quantitative way, 
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Modulotion transfer function 


Cycles/mm 


Modulation transfer functions calculated from the line 
spread functions shown above, 


These are the corresponding MIFs, calculated by a computer program by 
Fourier transformation from the preceding ISFs, Since the light diff- 
usion in the medium speed system is less than in the fast system (as can 
be seen by their LSFs) the MIF of the medium speed system goes out to 


248 


higher spatial frequencies, and the resolution of that system is better, 
1.0 


Modulation transfer function 





| 2 14 
Here are presented the MTFs of some typical screen-film systems currently 
in use, to give an idea of the range one is dealing with, In terms of 
pall-park figures of resolution, the slow (detail) system (3) resolves to 
12-13 cycles/mm; the medium system (1) to about 10 cycles/mm and the fast 
system (2) to around 6 cycles/mm, The temptation is great to express 
these curves by a single number, but it is a dangerous practice, and only 
if the curves are very similar in shape could it be done cautiously, 
It cannot be assumed that the shapes will be similar, and we have found 
certain combinations of screens and film that result in distorted curves, 
and it is possible to manipulate combinations to give weird shapes, To 
explain what is going on optically you simply must consider the whole 
curve, 
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ISF and MIF of one emulsion of Blue Brand Film, exposed 
without screens at 70 kVp with 0,25 mm of copper filtration 
at the tube, 


When a film is exposed without screens there is a vast difference 
to be observed between non-screen film optics and screen-film optics, 
In this case the MIF went out to about 220 cycles/mm compared to the 
earlier figure of around 10 c/mm when the screen was used, The corres- 
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ponding LSF, from which this was calculated, is extremely narrow - 
measured in microns rather than in thousands of microns, This result 

is merely a physical measure of the fact that you get sharper images 

on non-screen film, In this case the film used was single coated Blue 
Brand, and since the LSF was so narrow the slit could not be used, in 
Place of it a carefully machined and aligned platinum edge was needed 
(4f a slit had been used, to get comparable accuracy as with screen filn, 
the slit would have to be 0.3 microns width or less), Why is non-screen 
film so good? 
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NO DIFFUSION OF RADIATION 


Schematic illustration of the exposure of 
an emulsion to x-rays through an infinitely narrow 
slit in the absence of radiation diffusion. The image is 
broadened because of the finite size of the developed 
silver halide grains. 


This diagram shows schematically why the ISF of non-screen film is so 
good, The narrowness of the LSF indicates that there is no noticeable 
or measurable x-ray diffusion or scatter in the emulsion itself, The 
width of the LSF seems to be related to the size of developable grains 
in the emulsion, It is possible that a line exposure of x-rays could 
nick two adjacent grains, as indicated, and make them both developable, 
in which case the width of the image would be about 10 microns, Since 
this is about the width that was measured for the LSF, it appears that 
one can rule out x-ray diffusion as an important factor, and assume that 
the LSF is determined simply by the size of the photographic grains after 
development, 


Q,: Does your device for measuring ISF not vary the exposure rate, and 
would not reciprocity law failure with screens introduce some error? 


A,: The reason that we use an intensity scale sensitometer, in which we 
step away from the source, is to avoid reciprocity failure, If a rotating 
Wheel which changed the duration of exposure were used, then you would 

be in trouble, The time of exposure during the sensitometry experiment 
and ae the slit exposure is the same (or at least within a factor 

of 2). 
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Q,! If you have a graph of the MIF and were describing the film 
characteristics - resolution - at what point would you read off a value? 


A,: A convention that is used in optics is to use the 4% level of the 
MTF, when the zero frequency value is normalized to 100%, Thus the 

4% level describes the resolution limit, There are some theoretical 
grounds for this choice, which seems reasonable since it is difficult 
to choose a point as the function goes on and on, This has to be qual- 
ified because it is only meaningful in a noise free system so that 
whenever resolution is expressed in these terms, one assumes there is 
no noise, In our case this is especially meaningless because there 
always is noise (quantum noise), and then things get complicated since 
there is a theory that relates resolution to the standard deviation of 
the noise, Feople have used a theory to plot a straight line whose 
slope is a function of the noise standard deviation, so as the noise goes 
up, the line will rise and the intersection with the MTF will give the 
resolution in the noisy case, Again, in radiography this does not 
work since the standard deviation of the noise is not a good character- 
istic, as we shall see later, When a certain resolution is specified 
for a system, a test pattern may indicate that that resolution level is 
not in fact reached because of the presence of noise, 


Q,! How does the Siemens star pattern compare with your test system to 
derive MIF, and is there a direct relation between them? 


A,: The Siemens star is, I feel, a more qualitative tool, The edge of 
the resolution is rather ragged, and it is difficult to locate it 
precisely, One should not use a continuously varying input in MTF 
measurement (which is the case with the Siemens star of converging lead 
pars), | When you image this, beyond a certain point it is impossible to 
resolve as the lines are too close together, For theoretical reasons 
it is better to use patches of constant spatial frequency, However for 


qualitative work it is fine, for TV evaluation, constancy checks and s0 on, 


Why do we need to study MIF? 
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Schematic diagram of X-ray imago intensifier. 


Let us assume that we need to evaluate this system - to study its 
optics - and that in particular the designer in industry wants to learn 
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vhat part of the system limits the cptical performance, what 
component could he improve, This is a very complex system - input 
screen, electronic focussing, and output screen; three components 
each of which has its own causes of optical degradation, These 
include light diffucion in the input screen, scatter from the glass 
envelope, problems in focussing, scatter fron the walls and light 
Ciffusion in the output screen, Many components contribute and one 
would like to know which is the weakest link, In optical terms this 
is a cascaded system, a series of cascaded optical processes, As 
long as each of these processes is linear, we can say that the total 
LTF (the total optical performance of the complex system) may be 
obtained by multiplying the MIFs of the components that have been 
meaSured separately, This gives the designer a very powerful tool, 
Stahnke and Heinrich have done this and show that this concept 
really works, They measured separately the MTFs of vurious 
components, the glass foil, the electron optics, the input screen 
and the output screen, multiplied them all and obtained the combined 
curve (1), Next they measured the MTF of the image intensifier as 

a whole and obtained the other curve (2), and you can see the agreement, 
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The m.t.f.’s of the individual elements of an X-ray image intensifier. Comparison of the measured and calculated m.t.f.’s of an X-ray image 
intensifier. 


In a similar manner studies have been done with screen-film 
SyStems because they, too, form a cascaded system, with a front screcn, 
first emulsion, film base, second emulsion and back screen, Each of 
these components have their own properties; diffusion in the screens, 
croSS-Over exposure in the film, diffusion in the emulsions; while in 
additior. there are interactions between them; light reflected from the 
Surface of a screen penetrating the film and exposing the other 
emulsion, It really is a complex physical mess ! In designing and 
optimizing the system it is interesting and useful to know how each 
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component contributes to the final image degradation. Specific questions 
that can be answered ares how important is it to thin the base? - how 
important is it to introduce an absorber in the base? - how important 

are the reflective properties of the screen surface, should it be glossy, 
or matte, or colored? This tool will help answer these questions, Of 
course, at this time, it is of no direct use to the radiologist, He 
can't do anything with it, but it will be of use to him later, 
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Hypothetical x-ray intensity distribution in 
space: f(x) = 0 for —x<x <0; f(x) = for 
<x< em. 


This figure shows why people have chosen to work in the spatial 
frequency domain, Here we are assuming a step function input to a 
system, We have plotted x-ray intensity in space against distance: in 
other words we have radiographed an edge. There are two ways we can 
express this 2 as an intensity function; first zero, then rising to a 
value 77 , or (2) as a series by Fourier analysis, which equates this to 
a sum of infinite sinusoidal components having certain amplitudes and 
certain spatial frequencies in cycles/mm, Two valid descriptions of 
the same thing, 


E.g. f(x) = = + osin x + Zoin 3x + Zsin 5x te cece 
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Amplitude spectrum of intensity distribution shown in preceding illustrat- 
ion, 


Here we see the description of this edge input in frequency space, In 
real space it has one representation; in frequency space, another as an 
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amplitude spectrum, This is a plot of the amplitudes of the various 
sinusoidal components that we found were necessary by the Fourier analy- 
sis, versus the spatial frequencies in cycles/mm, Just a different way 
to describe the input, Right away it becomes intuitively clear why 
MIF is useful, since the MIF is the measure of the capability of a 
system to transfer, or image, sinusoidal inputs in space, So, working 
in the spatial frequency domain, the MIF can tell us that the system 
will transmit say only half of this frequency, a little more of that, and 
so on, and will give us the output, All that we have to do is to 
multiply the spatial frequency spectrum of the input by the filter 
function of the system (the MIF) and obtain the output, which we then, 
if we wish, can translate back by inverse Fourier transformation to give 
the distribution of intensity in the output, We meander back and forth 
between the two domains, sometimes preferring to work in one, sometimes 
in the other, The next figure shows what happens with a system that 
does not transmit all spatial frequencies, 





Again we have the step input, and superimposed on it are plots of the 
different results obtained by successively increasing the number of terms 
of Fourier components, Curve i is the DC term; curve 2 has the first 
sinusoidal term added to it and it does not look much like the input; 
curve 3 has had the next term added and so on, The result shows more 
Wiggles around the actual input, and if we add an infinite number of 
terms we would get a perfectly sharp distribution, apart from some edge 
problems, The MIF being a filter functian, tells us how the system will 
transmit the partial component sinusoids, and looking at this example we 
can see that if only the first three are transmitted (plus of course the 
DC term which is always transmitted) the output will not be much like the 
input, It will have very rounded unsharp edges and wiggles, and is 
Simply very poor, This is the gist of why the MIF is being used, and 

@ vast body of theory and experimental information can be drawn from the 
electronics field, where it has been developed for radar, hi-fi and 
electronic technology in general, Theories have been developed about 
System performance to isolated pulses and so on that can be used in the 
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optical field by translating from frequencies in cycles per second to 
spatial frequencies in cycles per mm, The field of optics took over 
these theories, they have been applied in photography, and now they 
are of use in radiography, 


The potential Usefulness of the MIF. 


In the fields of photography and optics there are many examples of 
the practical value of the concept of the MIF, In aerial reconnaissance, 
for example, systems have been designed with complex lens systems, special 
emulsions, cameras that move the film in order to eliminate blur due to 
aircraft motion and so forth, The MIF concept has allowed each compon- 
ent to be studied so that the optimum system is designed, Here of 
course, the object of the procedure is known - to be able to locate 
tanks, missile sites and so on, In radiology the object is more indis- 
tinct, We know we are after more certain diagnoses —- but we do not 
know what this really means, We need to know what the required output 
from our systems is to make the diagnosis, and s0 we also need to know 
what are the elements in the input that will provide these outputs, In 
some cases the diagnostician can tell us what is important, but in very 
many cases this is very difficult todo, The requirements depend on 
Subjective judgements, medical training, differential diagnoses and 
inferences drawn from other things in the image, The radiologist cannot, 
in many situations, tell us what he would like to have - he cannot, as 
we shall see later - tell us that perhaps he wants very tiny vessels to 
be visible, since if he has no experience of such images he has no 
basis to evaluate them, The course that must be pursued, I believe, is 
to keep nibbling at the problem, learn more of the clinical aspects, 
provide more and more information to the radiologist, For the x-ray 
industry this may be somewhat of an expensive gamble but the more ex- 
perience and information that is amassed should make it clearer for 
the industrial designer to evaluate the direction for new equipment, 

The use of MIF concepts does pose a problem of education of the radiol- 
ogists, and it is apparent that with residents who come from a background 
of physics or engineering a good deal of rewarding frogress is possible, 
Certainly this is a topic which will be appearing on Board examinations, 
and the possible value of MIF to radiology will be recognized more 
widely, 


The answer to the radiologist who asks "What use is MIF to me, now?" 
is that it 1s of no use to him, It is false to assume that by measuring 
this magic MIF for different systems the radiologist can compare and 
decide what to buy - this is not advisable and this point will be dis- 
cussed later, The value to the radiologist lies in the future, Right 
now MIF and noise studies are in the realm of basic research, providing 
tools to the physicist to study systems, and much later, will serve as 
tools for design evaluation and for purchasing decisions, Ultimately 
this will be of practical use to both radiologists and industry, 
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An Example of the use of MIF in a Radiologic Problen, 








Relative x-ray intensity 


Distance 


A. Cylindrical object ein- 

bedded in partially absorbing medium. 

B. Corresponding x-ray pattern in 
space. 


This shows diagrammatically what happens when a blood vessel is 
radiographed in a slab of tissue, The x-ray pattern in space that would 
reach the film can be shown by the plot of x-ray intensity versus dis-~ 
tarice (B), This same information could be presented in two ways as 
shown in the next figure, 


Intensity 


Amplitude 


Fourier 
transformation 


(a) (b) 
Distance Spatial frequency 


Two equivalent methods of describing a signal: a, x-ray pattern of a 
blood vessel; 6, corresponding amplitude spectruin. 


Here are shown the two representations, as x-ray intensity in space and - 
through Fourier transformation - the corresponding amplitude spectrum, 
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Normalized spatial fre- 
quency spectra of aluminum 
cylinders. Linear absorption co- 
efficient x = 0.61 cm~! (100 kVp, 
3-mm Cu filtration). Points = 
measured values. Line = cal- 
culated values. Radius of cylin- 
der: A. 0.25mm; B. 0.5mm; 
C. 1.0mm; D. 2.0 mm. 





To simulate the clinical problem, an experiment was done with Aluminum 
cylinders, to find out whether it is possible to measure the x-ray 
pattern in space of such a simple object, A one-dimensional object is 
the easiest to handle mathematically, and its image can be scanned with 
a micro-densitometer and slit, Two-dimensional objects are much more 
difficult, This figure shows the calculated and the measured results - 
the dots are measured values, Experimentally, the cylinders were 
radiographed on a very fine-grain, slow, single-coated film (Type R), 
without screens, In this way an excellent image of the input was ob- 
tained, undisturbed by any degradation in the imaging system itself, 
This was scanned and, using the calibration H & D curve of the filn, the 
x-ray distribution that produced the image could be found, Through 
Fourier transformation, it is then possible to produce the corresponding 
frequency spectrum, The results of the measurements and the calculations 
agree very well, so it seems a satisfactory method, 


The following illustration shows the results of a study of the 
effect of geometry and scatter on the x-ray pattern, The object was 
still the blood-vessel-like Aluminum cylinder, Curve 1 shows the 
x-ray pattern with the cylinder in contact with the film; curve 2 with 
a 10 cm air space between cylinder and film; curve 3 with a 10 cm plexi- 
glas scattering block between the cylinder and the film, The patterns 
are what one would predict, Thus curve 2 shows enlargement (magnific- 
ation), slight unsharpness (due to geometric effects), and slight 
contrast enhancement (due to the air gap technique which will reduce 
scatter), Curve 3, with the scattering block, shows the same enlarge- 
ment but reduced contrast and increased unsharpness due to the block, 
These results can be translated into the frequency spectra, 
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Effective, relative x-ray intensity 











2000 [i200 400 400 1200 2000 


Distance (,) 


X-ray patterns in space of 4-mm-diameter 
aluminum cylinder at 66 kVp with 0.5-mm Cu and 1- 
mm Al filtration and with a focus-film distance of 150 
cm: (1) cylinder in contact with cassette; (2) with 10- 
cm air space between cylinder and film; (3) with 10-cm 
Plexiglas spacer between cylinder and film. 


In the next representation the slight contrast increase appears as 
an amplitude increase, while the enlargement present in curves 2 and 3 
appears as a shift (or compression) of the spectrum towards lower 
frequencies, 


Amplitude 





5 


is 10 





Spatial frequency (cycles. mm) 


Spatial frequency spectra of 4 mm diameter aluminun 
cylinder calculated from x-ray patterns above, 


So the features that we saw, perhaps more familiarly, in the x-ray inten- 
sity pattern, can also be recognized in the frequency domain, The con- 
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siderable decrease in contrast of curve 3 shows as a greatly reduced 
So as long as this is done carefully and with precision, 
we can actually measure what is happening, Although we can see what 
is happening, in order to affect it we must measure - so that we know 
the magnitude of frequency shifts and so forth, 


amplitude, 


So far we have been concentrating our attention on the input to the 
Now we shall begin to consider the effect of the 
This illustration shows what we can do 


imaging systen, 


imaging system on this input, 
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A, Line spread-function of 
Kodak Blue Brand Medical X-ray 
Film (Estar base) with a pair 
of fast screens, 


B, (1) X-ray pattern of 4 mm 
diameter aluminum cylinder at 
66 kVp with 0,5 mm Cu and 1 mm 
Al filtration; (2) relative 
light intensity distribution 
in the film calculated by con- 
voluting curve 1 with the line 
spread-function in Figure A, 


C, (1) X-ray pattern of 1 m 
diameter aluminum cylinder at 
66 kVp with 0.5 mm Cu and 1 mma 
Al filtration; (2) relative 
light intensity distribution 
in the film calculated by con- 
voluting curve 1 with the line 
spread-function in Figure A, 
(Note change of scale, ) 


if we know the optical properties of the imaging system, Again our 
A shows the ISF of the system that has 
B shows the input x-ray intensity (solid line) and the 


object is an aluminum cylinder, 
been measured, 
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calculated output (dotted line), The output shows, as we predicted 
previously, the flaring out at the edges indicating unsharpness in the 
image, and the corresponding contrast decrease, Since we are dealing 
with a constant energy what we gain in one place matches what is lost 
elsewhere), If we do the same thing with a smaller "vessel" - notice 

the difference in scales - we get the result in C, The smaller vessel 
has a lower contrast, and when imaged we see a relatively greater contrast 
loss and a relatively greater unsharpness than with the larger vessel, 

The smaller the object, the more difficult it is to image it, 


At this stage it is pertinent to ask why is it necessary to go 
through this complicated operation, why not measure the output directly? 
To measure directly is a very, very difficult task, due to the presence 
of quantum noise, In particular to make accurate microdensitometer scans 
of noisy and unsharp images is exceedingly difficult, and this would be 
especially true for vessels smaller than 4 mm in diameter, It is much 
better to measure the optical characteristics and calculate the output, 
since this has been shown to be valid, and it is also a more flexible 
approach, since it allows us to generalize without having to do many ex- 
periments, For instance, we can use arbitrary ISFs of different shapes 
as a stage in the design considerations and investigate how they could 


affect the output, 
© 1.0 
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Transfer of object spatial frequency 
6 spectra through a screen-film system. 4, MTF of 
a fast screen-film system. B (/), Spatial frequency 
spectrum of 4-mm. diameter aluminum cylinder; 
(2) output spatial frequency spectrum. C (J), 
Spatial frequency spectrum of I-mm. diameter 
2 aluminum cylinder; (2) output spatial frequency 

spectrum. 
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What we saw in the previous figure is shown in this illustration, 


expressed in the spatial frequency domain, A is the MIF of the systen, 
The input to the system is shown by the solid line in B, and the resulting 
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output spectrum - obtained by multiplying the input by the MIF - is 
shown by the dotted line, For the large cylinder there is relatively 
little change, and what change there is starts to appear at high 
frequencies, With the smaller vessel, however, in C, because of its 
different frequency content (smaller means more high frequencies), the 
MIF of the system affects the imaging much more drastically - even at 
low frequencies, This agrees with what we saw in the spatial domain, 


You can see the effect in amplitude reduction at certain frequencies 
(curves 2), By inverse Fourier transform techniques we can calculate 
from this output spectrum the output intensity distribution in the 
emulsion and get a visual impression of what this image looks like, (I 
do not use ‘line pairs' because when we talk about sinusoidal variation 
there is really no line, A line means something that has constant 
blackness or whiteness across it, Now if we talk about sinusoids, of 
course this is not constant, and perhaps it is more descriptive to 
talk about cycles/mm in that case, ) 


This technique raises many interesting questions: e.g, what fre- 
quencies should be obtained in the output to give the most accurate 
diagnosis? - what is it that the radiologist needs to see? - should the 
response of our system (the MIF) roll, go far out, cut off? - all these 
questions can be studied by these methods, as we shall see, 


Imaging with Different Systems. 
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A, Modulation transfer functions of a sharp (1) and an unsharp (2) 
radiographic screen-film systen, 

B, Curve Is Input amplitude spectrum of a $-mm diameter blood 
vessel, Curve i: Output spectrum calculated for System 1, 
Curve 2: Output spectrum calculated for System 2, 


Now let's image a blood vessel of a certain size with two different 
systems, The imaging systems are described optically by their modulat- 
ion transfer functions (A); System 1, a sharp imaging system, in fact a 
detail screen with normal radiographic film; and System 2, a fast systen, 
that is, a fast (high speed) screen with the same film, System 1 is 
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sharper, or has better resolution, because it is able to transfer higher 
spatial frequencies than System 2, If we have the spectrum of a blood 
vessel of a certain diameter, given by I, as an input, this tells us 
what the frequency content of component sinusoids is in the input, To 
see how these two systems image this particular input, or how they transfer 
it, we simply multiply this input by these respective transfer functions 
and obtain, for System 1 (the better) curve 1 (in B); for System 2, curve 
2, and you can see very clearly that because System 2 transfers the con- 
ponent frequencies less well, there is a reduction of frequency content 
at all frequencies (except at the start), and very quickly at high 
frequencies, things go to zero and frequencies are not transmitted, 


These things are really not of too much use to the radiologist 
because whatever we may measure here, he can see visually if he makes a 
radiograph with each of these two screens, and it is very obvious that 
1 gives a sharper and higher resolution image than 2, So this does 
not help him in choosing systems, but it does help potentially, and will 
help in the future, in the design of systems, In order to apply this 
to design we will have to answer one very important question - that is, 
“What are the important spatial frequencies in the output - what enables 
the radiologist to make certain diagnoses?" Is it important to him 
to transfer all the spatial frequencies contained in the input (I say this 
rather loosely) or is this not important, and could we cut off the fre- 
quency content by filtering in the system in a certain way? Could we 
cut this off at some point and still obtain a diagnostically good 
image, or even perhaps an improved image? 


ical tial Filterin 
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This is a schematic representation of what I am talking about, Let 
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us say we have an input spectrum (A), and this is again for a cylindrical 
Object like a blood vessel, and now we introduce filters in our imaging 
operation, that is, we design our imaging system in such a way that it 
transmits only very well known, definite, frequency ranges, Sharp 
cutting filters have been assumed, which transmit only to the frequencies 
marked 1, 2, and 3, The filter 4 is a different kind having an MTF as 
shown in the insert, After the inverse Fourier transformation of these 
output spectra the result in B is obtained, For filter 1, which trans- 
mits only very low frequencies, we get considerable blurring of the 
output, because of the reduced gradient - flaring out - at the edge. 

As we increase the frequency range transmitted (filters 2 & 3) we get 
less blurring and approach the ideal, the solid line which is the input, 
Filter 4 gives a curve which shows even more flaring and unsharpness than 
the others, 


The crucial question is "What does the radiologist need?" Methods 
of doing this filtering have been used by Seltzer of the Jet Propulsion 
Laboratory, correcting (with computers) for degradation in moon shot 
pictures, The pictures which we see are not as transmitted, but have 
been improved by correcting for the known degradations introduced by the 
known transfer characteristics of the systems, and the results are 
amazingly good images, Seltzer has also done this for radiographs, 
with some very excellent results, but has run into a familiar problen, 


When digitally processed radiographs with excellent physical image 
quality are shown to radiologists, often they are unimpressed, One 
reason for this is that the improved physical image quality has not re- 
sulted in improved diagnostic image quality; the radiologist has not 
gained information important to him from a diagnostic standpoint, 
Another reason can be that the image looks too different from what the 
radiologist is accustomed to, The radiologist works from a memory bank 
that he has established through education and experience, comparing any- 
thing he sees to a normal, A digitally processed, edge-sharpened, 
noise suppressed, different looking radiograph fouls up this memory 
process as he has nothing to compare it to, and he might say "I don't 
like it, It doesn't do any good to me", This may be a question of 
education and the radiologist may have to learn how to look at these 
images, and then they may help him, There is a third reason for the 
lack of acceptance, that is, the processed image may be too confusing 
because it contains too much information, The main thing is, don't 
give up. 


There are other ways of processing, with coherent light from 
lasers, You can.get a& measurement of the spectrum of an object in 
the Fourier plane and place in this plane various filters - band pass, 
low pass, rolling, sharp cutting, high pass and so on, more sophisticated 
than shown here, The resulting filtered or optically processed image 
can be recorded and noise suppression, edge enhancement and various tricks 
accomplished, Experimentally this is extremely difficult, One spin off 
from this laser work may be the ability to measure spatial frequencies of 
two-dimensional structures, since the spatial frequency spectrum is dis- 


played in the Fourier plane and conceivably could be scanned, 
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Spotial frequency (cycles /mm) 


Normalized spatial frequency spectra of blood vessels 
1 and 2, 


Noise and Wiener Spectra 


Now, a topic which shows why the study of these systems in the 
spatial frequency domain, rather than the spatial domain, is of great 
advantage - the study of noise, You have seen quantum noise on film 
or quantum mottle, and how it depends on the optical characteristics 
of the system, the speed of the system, and the gradient of the H & D 
curve, To study this noise, and hopefully to influence its appearance, 
it is necessary to measure its characteristics, One of the best ways 
to describe noise is by the Wiener spectrum, sometimes called the power 
spectrum of noise, Assuming we have a noisy sample, which has been 
flashed to x-rays, and exposed with screens, this can be put into a type 
of micro-densitometer in which it can be spun in a circle and illuminated 
from one side, The transmitted light intensity is picked up by a 
photomultiplier and the output is a fluctuating voltage in time, as the 
sample passes through the optic axis, Because of the quantum mottle 
present, the transmitted light intensity will vary, and the photomul- 
tiplier signal voltage will vary with time, Electronically we can 
perform what amounts to a Fourier analysis of this signal, and find out 
what the frequency content in the noise pattern is, This is identically 
the same concept we talked about in the case of objects, 


This rather difficult mathematical theory can be extended to noisy 
fluctuations, In effect we let the signal from the photomultiplier 
pass through a spectrum analyser which has a narrow band pass filter, 
On an r.m,s, meter we measure the standard deviation of the sinusoidal 
frequencies contained in a succession of narrow bands that cover the 
entire range of interest, and calculate Gs [AY ), which is plotted 
against the spatial frequency, as shown in the next illustration, The 
temporal frequencies of the voltage signal are converted to spatial 
frequencies by knowing the speed of rotation of our sample, 
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Schematic representation of the Wiener spectrum of grain 
patterns 7 for a perfect screen-film system (theoretical) ; 
total for a practical screen-film systen; 
erain for a film-grain pattern, 


Now the thing is beginning to tie together, We can express the 
optical —— of the system in the spatial frequency domain (in 
cycles/mm); we can express the object properties in the same domain; 
and now we can do the same thing with noise, 


One can talk about input noise, the noise of the absorption process, 
i.e. the Poisson noise of the x-ray quanta absorbed in the screen - the 
statistical distribution of quanta - as the white noise spectrum, All 
sinusoidal components in this noise will have the same amplitude, We 
can also talk about system noise, the noise due to the inherent grain 
distribution in the film, This is also in general white (cases where 
this is not true, due to grain clumping, exist, but for radiographic 
films exposed with screens we have found it to be white), Thus we have 
an input, and the imaging system doesn't care that it isn't a bone or a 
head, but sees it as something to be imaged, applying the same transfer 
characteristics (the MIF or filter function) it applies to the imaging 
of any object, However, the system is a low pass spatial frequency 
filter, so the capability to image perfectly decreases as the frequency 
of the sinusoidal components increases, The result is the Wiener 
spectrum of the total noise recorded by the film, the sum of the grain 
noise and the quantum mottle (which is given by the square of the gradient 
of the H & D curve divided by the average number of x-ray quanta 
absorbed per unit area, all multiplied by the square of the system MTF), 
(See previous illustration,) This is a nice demonstration of the 
filtering going to near zero as the MIF cuts off, the quantum component 
going to zero and all that remains is the system noise, 
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Wiener spectra of quantum mottle and film-grain pattern for a 
sharp (A) and unsharp (B) system. 


This figure shows the Wiener spectrum of radiographic mottle for 
two typical radiographic systems, System A consisted of sharp inten- 
sifying screens coupled with a fast radiographic film; System B consisted 
of less sharp intensifying screens coupled with a slower radiographic 
film, From these spectra can be deduced facts that we have previously 
discussed, The difference in cut-off points of the radiographic 
mottle, where the total mottle curves merges into the system noise 
curves, indicates the relative MIFs, System A has the better MIF in 
that it records noise out to higher frequencies, and there is an in- 
creased amplitude of noise, as we would expect, because it absorbed 
fewer quanta, The faster radiographic film has slightly higher system 
noise, or film graininess, shown by the different level of ordinate, 

So these spectra contain a lot of information, and if it can be measured, 
we have a handle by which, sometime, we may be able to influence what 
the noise looks like, Practical work is now being done in this 
direction, 


The next figure is an attempt to show the spatial filtering 
property of the system and visualize what really happens, Radiograph a 
is a simple uniform flash on a screen film system with the screens in 
vacuum contact with the film, A noisy pattern of quantum mottle is 
seen, The other radiographs, b-f, are the results obtained when the 
Screen was spaced away from the film at various distances from 0,02 m 
up to 13,0 mm. We go from the usual quantum mottle, in stages of MIF 
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We see the cut-off by the MIF getting progressively worse as the 
spacing increases until at large spacing all that is left is the curve 
of system noise, So we can reduce noise, and change its characteristics, 
and maybe eliminate it, as in this case, Unfortunately this has also 
eliminated the image, In between there is probably room for designing 
special purpose systems tailored to specific radiologic operations, I 
think it is true that one does not need to see everything in all radio- 
graphs - in angiography one is interested in looking at blood vessels; 
in gall bladder studies, the gall bladder, and so forth, FPerhaps there 
is a way to tailor the noise characteristics, and resolution character- 
istics so the signal/noise ratio of certain objects is increased, while 
those of others are worsened, Later we shall see some examples of this, 


Data illustrating that, for 
an aluminum cylinder of 4—-mm 
diameter radiographed at 100 kVp 
: with 0,5-mm Cu and i-mm Al 
Spatial frequency (cycles/mm) filtration, the modulation trans- 
fer capability of a medium-speed 
screen-film system is expended 
to a large extent in recording 
quantum nottle, 

A, MIF of Kodak Blue Brand 
Medical X-ray Film (Estar base) 
and two medium-sSpeed screens, 

B, Wiener spectra of film grain 
ee ech (1) and radiographic mottle (2). 
ooh 24 . 6 Kodak Blue Brand Medical X-ray 
Spatial frequency (cycles/mm) Film (Est ar base), two mediun- 
Speed screens, 100 kVp, 0, 5—mm 
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This figure summarises these topics that we have been discussing, 
There are three ways to describe the entire imaging problem; we can 
describe the optical characteristics of the system in terms of MIF (A); 
We can measure the spectrum of noise recorded by the system (B); and we 
can describe, in very limited cases, the input spectrum of the object the 
radiologist is trying to radiograph (C), So, for example, to image a 
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blood vessel of this size, it is important for the radiologist to see 
outputs which contain frequencies to 2,5 cycles/mm (C), We don't 
really know this yet, but at this time let us make this assumption, ) 
The MTF, however (A), goes out too far, and could be cut off at 2-4 
cycles/mm, All we accomplish with the MIF shown is to record noise at 
the high frequencies which we do not need to record at all, We could 
cut off the MIF, eliminate this high frequency noise and still image 
what the radiologist needs to see, At this time this may be rather 
educated dreaming, but we have by now developed many of the tools 
necessary to realize this idea, and some practical applications have 
been made, 


An Application of These Principles to Cerebral tography, 


a) The practical problems 
Some years ago, at a post-graduate 


course in cerebral angiography in St Louis, a very prominent radiologist 
in this field made the categorical statement "My recommendation for 
screen films in this area is to use the fastest possible screens you can 
find with a medium speed film, and the most powerful machine," He was 
thinking of the problem of getting a rapid succession of radiographs, 

2 or 3 per second or more, s0 he was thinking of system speed, I had 

ny doubts that this was the right way to go, feeling that it would prob- 
ably be better to use the slowest possible screen and the fastest possible 
film, Intuitively this seemed the right thing todo, So we tried it, 


Film Screen Relative Speed 
Blue Brand (RP) [TF - 2 100 
Royal Blue oe Par Speed 130 
Royal Blue (RPR Detail 25 


This shows the choices and relative speeds that were available, The 
film types chosen were processed by hand to get excellent reproducible 
results, The first alternative system (Royal Blue/Par Speed) had a 
Similar speed to the original, while the second alternative had a speed 
lower by a factor of 4 from what was originally used, The H & D curves 
for these three systems and the corresponding optical characteristics 
(line spread functions) are shown in the next two figures, 


In B, the curve 1 (Royal Blue/Par Speed) has a light diffusion 
intermediate between Blue Brand/TF-2 (curve 3) and Royal Blue/Detail 
(curve 2); so optically considerable improvement could be made by 
switching to the fast film/slow screen - as we would predict, However, 
it is necessary to study which is the weak link in the angiographic 
Procedure, A relatively large focal spot is needed because one needs a 
lot of ‘juice’ coming out rapidly, and coupled with the rather short 
distances, the problem of geometric unsharpness arises, In addition 
there are the problems inherent in the film changer, motion, and the 
Possibility of air trapped between the film and screens, Finally, there 


270 


Density 









5O WO 180 200 250 300 380 400 480 500 
Osstonce (ym) 


1 3s $ F 8 WH 8 BH oF 
Spotl Frequency (cycles/mm) 


5S 10 15 2.0 2.5 
Log Relative Exposure 


Characteristic curves of x-ray B, Line Spread Function & MIF 
films, curves, 

Curve 1, Kodak Royal Blue Medical X-Ray Film with DuPont Par Speed 
Screens, Curve 2, Kodak Blue Brand Medical X-Ray Film with 
Radelin TF-2 Intensifying Screens, Curve 3, Royal Blue Film with 
DuPont Detail Intensifying Screens, 


is the choice of screen-film system, It is instructive to consider 
which is really the dominant factor in the whole process, 


b) The phantom studys 
The phantom we used consisted of a plastic 


block with holes drilled in the side, going down to 4 mm diameter, which 
could be filled with the usual opaque medium, and used as a test object, 
These blood vessel like objects were then radiographed and a study of 


the 


Effective Relotive X-ray Intensity 





effect of focal spot size was made, 


Input x-ray patterns of a 0,5=-mm 
diameter blood vessel phanton, 
Curve 1, phantom in contact with 
cassette, Curve 2, 2-cm air space 
between phantom and cassette (1,2-mm 
focal spot), Curve 3, 10-cm 7 space 
between phantom and cassette (1,2-mn 
Ce focal spot), Crosses and circles in- 
dicate corresponding results obtained 
with a 0,3=mm focal spot, 
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This figure shows the results, The solid curve is what we would get 
with the test object in contact with the imaging system —- a perfect 
object, with no geometric unsharpness, Spacing the object 2 cm from 
the screen film combination - about the same distance of the closest a 
blood vessel in the skull could be - and using a 1.2 mm focal spot, the 
dashed curve (2) results, Notice that the contrast has increased be- 
cause effectively we have an air gap technique, but the important thing 
is the slight enlargement and the slight unsharpness, If we use a 
0.3 mm focal spot we get the input marked by the crosses, x, If, now, 
the test object is moved to a larger distance, corresponding to mid-line 
in a skull, about 10 cm, we get curve 3 for the larger focal spot, and 
the circles (0) for the smaller, As expected, the smaller spot gives 
less unsharpness and we have a measure of the importance of geometric 
unsharpness, The question is, is the unsharpmess in the worst case 
(10 cm distance, 1,2 mm spot) more significant as far as physical image 
quality is concerned than the optical characteristics of the system of 
screen and film? 

Curve 1, input x-ray pattern of a 
O,5-mm-diameter blood vessel phantom 
in contact with the cassette, The 
output is calculated from Curve 1 


a ie and the line spread functions in 

Ni tac Me the earlier figure, Curve 2, TF-2 
p "ee Screens, Curve 3, Par Speed Screens, 
; pee Curve 4, Detail Screens, Curve 5, 


705 600" bo. a20 sb0 #0 100 8 wo 200 60 ae so cio woo Anput x-ray pattern of a 0, 5-mm 
Dstonce ym) diameter blood vessel phantom spaced 
10 cm away from the cassette 
(1,2-mm focal spot), 


This figure shows again the perfect input, curve 1, and the plot 
of this worst possible input, curve 5. Also shown are the calculated 
convolutions of the perfect input with the line spread functions of the 
three film-screen systems (which do not include the effect of geometric 
unsharpness), In this way the variables have been separated and we can 
compare the effect of focal spot alone to the effect of optics alone, 
to get an idea of their relative importance, We concluded that the 
effect of al] three systems on the degradation of the imaging of blood 
vessels seems to be more pronounced than the effect of a large focal 
spot and large object-film distance, You can see the flared out 
tails, meaning unsharpness or fuzziness of the edge, 


The following figure shows this in a different way, Here (A) 
the input from the worst case (1,2-mm spot, 10 cm distance) has been 
plotted (curve 1) and convolved with each of the three systems to find 
out what happens in the cascaded system, We can detect the differences 
introduced by the systems, and the detail screen gives a sharper image 
than the TF-2 screen, The same conclusion is reached when the results 
are plotted in the spatial frequency domain (B), 
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Besides, it needs four times the exposure, and is confusing”, In this 
case he was seeing vessels he had never seen before and had nothing to 
compare this picture with in his memory bank, The surgeon, however, 
said "I like it, I want it", He could interpret the functional import- 
ance of the small vessels and base a decision on that, Both could now 
see even smaller vessels than before, but neither could assess their 
importance, So this opens a new field of study in cerebral angio- 
graphy and poses the problem of how clinical and radiological knowledge 
can be acquired to make use of this new capability in imaging, 


Optimum Screen Film Combinations. 


Much time is spent considering what x-ray equipment to use, what 
image intensifier to buy, what resolution is needed, but screen-film 
combinations are kind of dull - they tend to be taken for granted, 
What is seldom realized is that one has a great flexibility in speed 
and sharpness by combining screens and film in judicious ways, This 
table shows the available combinations, 


Low Contrast 


Film Screen Rel, Speed Fine Detail Detail (noise) 
Normal = 2 

Normal Slow 25 - 50 np 

Fast Slow 50 -100 yi 

Normal Medium 100 ag 

Fast Medium 200 H 2 

Normal Fast 200 3 1 

Fast Fast 400 


It should be possible to devise combinations which are most suitable 
for certain things, For example, for the gut a fast speed could be 
obtained with either a fast film and medium screens or a normal film 
and fast screens with a change in sharpness, which also changes the 
noise, At present data is sparse in the noise colum, 


How Complete is MIF as a Specification of Image Quality? 


A_practical test: 
To close the whole shebang, I shall show you 


an experiment which indicates that one has to be careful not to regard 
the MIF as a magic tool that will solve all our problems, The next 
figure shows the MIFs of two screen film systems, System A has a slow 
screen and fast film; System B has a fast screen and slow film, We 
wish to decide which we should use, In general, many people would 
wish for the sharpest image possible, We measure the MTFs and 

System A is obviously the better, and would be the system of choice - 
on that basis, So let us try some other test criterion, 
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Image quality of screen-film Systems A and B at 70 and 
120 kVp, according to the hole test (contrast-detail diagram), 


This is the result plotted as a contrast detail diagram, For System A 

the smaller hole requires a higher contrast to be seen than with System 

B, So now the systems are reversed, and if this had been the only test 
of the two systems then System B would have been preferred, This order 
is still preserved at the higher kV, 


Wire Mesh Holes 


70 120 70 120 


System 


MIF 
any 
kvr 
i 
B 


Relative Image Quality of Screen-Film Systems A and B 
according to three different methods of quality evaluation, 

X indicates better system, indicates equal quality, 
O indicates poorer systen, Note contradictions, 











Here the results from the three tests are summarized, System A is 
better by the MIF and wire mesh tests, but poorer by the holes test, 
and there is a cross-over with kV, So what in the world does 
“Image Quality” mean? 
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So = Modulation Transfer Functions are not black magic, and do 
not solve everything, MIF cannot be used as an overall quality test 
of a system, Apart from the difficulty in defining quality, we also 
have the difficulty in defining what it is we need to see —- a hairy 
problen, 
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Figure 1 is the whole body radiograph taken in 1896, While it was 
obviously taken in sections with very long exposures since there is body 
motion blur (while some graduate student cranked a Wimshurst machine for 
hours), it was also taken with a small focal spot as can be seen from some 
of the detail that is reproduced, Comparing this to a modern radiograph 
we find that we haven't done very much since to improve the image itself, 
in fact, everything we consider an advance in radiologic imaging has 
usually degraded the image, For example, two emulsion films, film-screen 
combinations, image amplifiers, TV chains, etc, - all of which certainly 
reduce resolution and contrast relative to the original film, We have 
definitely improved x-ray image production by increasing the x-ray output 
so as to shorten exposure time, but most all other innovations have 
involved the choice between desired information and radiation exposure, 
The use of grids to improve x-ray contrast by eliminating scatter and the 
use of tomography and/or stereo are cases in point, 


What is an image? 


A radiographic image consists of a two-dimensional distribution of 
light intensities (either transmitted or reflected) creating contours that 
outline or define various areas and/or shapes. Both these parameters 
(distinguishable shades of grey and contours) may be quantitated by the 
terms contrast and resolution which, while subjective terms of individual 
response to a stimulus, can be measured under restricted circumstances, 
Now we can artificially change the contrast and alter the relative shades 
of grey until limited by the noise of the system. We can also contour 
enhance and sharpen boundaries, Further, we can even change shape by 
representing the image in pseudo-relief, The basic problem is how much 
of this manipulation should we do, A radiograph is essentially taken 
for a utilitarian and not an aesthetic purpose. It carries information 
which can possibly be quantitated but, at present, the important question 
is “What type and how much information is needed just to make a particular 
diagnosis?” In many cases we apparently have far more information than 
is needed - for example, chest films that are blurred may sometimes be 
diagnosed as accurately as those that are in focus, At times it is 
simply the location of a suspected abnormality and at other times it may 
be the detail that is important for a correct diagnosis, The situation 
changes with the particular task, Image manipulation can be considered 
as a possible way to speed up a given task, and the type of manipulation 
(the way the system is adjusted optimally) may be altered specifically 
for that purpose, I do want to point out that all the available 
information imaged by a particular system is in the original record and 
any kind of manipulation whatever only reduces the amount of information 
available to the viewer, However, even though it has less information, 
the final output may be presented in an easier form to see and recognize 
Which may make the process desirable. 





Tatts potent, in the broadest sense, 18 just the significance : “ : 


Cae ee picture to the obdarweis:” To a physician looking for something — 


abnormal. in bone structure, the information content of a radiograph may | 
be high but, if you are not interested in the bone atructure, , the. Reasoereh 

has little. information content 46 you as an ‘individual, Fort eur purpo : 
We may as well stop talking about information content ‘eedsuresant. ince ‘ 
has to be weighted by ite eignificance, - However, to a limited ‘extent, ‘ 
one can aefine spucadogenes eee Ee and hte a8. ‘the | eer pee a 
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in. the noiseless. case, the ‘Reever: is certain ot “the message, thus. (a) a 3 . 
2 and information ‘Yeceived = LogoF( b). Coe 


If P(e) = 1/2 then dnPaeunt ton tacakyeds as * log(1/2). = 1 bit, 
Hf P(0) = 1/6 then informstion reootyed, 1 * ~Logg(1/é) = 2.6 bite, 


hs an example, ‘you. hear that. a ‘couple just: had. a baby, and. you: want to. 2 
_ know whether you should buy pink or blue ‘boota, In other words, you have — 
‘ one choice: ‘out of two possible actions, When you are told, "It's a 
boy” (and presumably the reporter is a good observer), you. have. received 

: s bit. of information since originally there were two courses. Open. and | oe es 
after Yeeeiving the reply there is: one course open, Thus, the information 

. bransmitted was: on fi = 1 bit, ‘Likewise, if you axe told one fact - , 
bees ne uh se &  chotoe of 6 you received ee Bie a: ant ornation,. ee s 
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When we mind pulbtg: 3 an heake,. Ke can affect. thy caiackty. of 3 system 
+: handle information so we must coneider how much information (useful or. 
‘wBeless) that any system can transmit, The concept of. information 
capacity wes first formulated by. Hartley about 1926 in connection with: 
telephones communications, His concern was with the. amount: of information 
capable of being carried in. @ Single channel - e,¢. & ‘telephone. dine. q 
According to him, Information Capacity (I.C,) could be expressed as.) 
T.C, = W log (1+ S/N) where W, the bandwidth in cycles/sec,, is a ‘meusure 
of the number of separate frei bency components you could have in a. channel . 
and S/N, the signal to noise ratio, is essentially the number of dinting; | 
-uishable signal amplitudes for any one frequency, If the bandwidth of! 
the channel were altered, this would be more serious than introducing - ae 
“Bolse since the noise is only = part of the logarithmic term while Wis a . 
multiplicative tera, This. relationship has been tested many tines inder Le | 
‘& variety of circumstances showing that the. formulation is: close to seelity,: oh 
Shannon and Weiner used a ser different but. far more Brodecnmle ‘ 
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formulation for the maximum information capable of being carried by a 
channel: 


I.C, = W logs (1 - s fn) t/2 bits per unit time. 


Their main contribution was determining the restrictions on the above 
formulation and the conditions under which it can be used, Although it 
is very important, we will not discuss this aspect of the subject. 


When we come to visual images we have a similar problem; namely, 
to determine the information capacity of the system that handles these 
images, be it film, TV or whatever. Let the minimum resolvable area 
of the detector be A and (S/N), the signal to noise power ratio in that 
area, Note that when an image is formed, you are recording photons 
and there will be inherent statistical variations in the photon density 
both in space and in time, The signal is the average number detected 
and the noise is the rms value of the variations about that average, 
Considering the whole area of the imaging system as a channel, then 


I.Cc, = Ant log, (1 + (S/N),)1/2 dite per unit area, 


since A7! determines the maximum number of possible detected signals per 
unit area, Aw! can be related to the resolution or a computer sampling 
area and (S/N), to the grey scale or contrast range, Thus the larger 
the contrast range on the film and the higher the resolution, the greater 
the information capacity, From this same formulation it is obvious that 
resolution is more important than the contrast in carrying information, 
We can now rewrite the above formulation in terms of resolution r, and 
contrast range C, 


1c, = 45 logs (1+ ¢) 


The contrast range is B/AB whereAB is the minimum observable change in 
illumination in the presence of a given illumination (B) and r is the 

minimum resolvable distance between two lines for the same illumination, 
This, however, uses subjective terms and involves the viewer, Consid- 


ering only properties of physical systems, a more accurate formulation 
iss 


2 
I.c, = of logs [i+ (S/N)o (TC) / | q.dq 
0 


Where instead of contrast we return to the signal/noise ratio in terms of 
the number of photons per unit area that one can get on the films or 
detector and instead of resolution, we use the Modulation Transfer 
Function of the system T(q) as a function of the spatial frequency gq. 
This formulation assumes isotropy and quantum (white) noise, More 
sophisticated forms would use the Wiener spectrum of the noise but this 
complication is generally not needed, 


Figure 2 is a scintiscan of a radioactive phantom, These images 
are formed similar to radiographic images but the individually detected 
photons are now made visible, It is obvious the statistics are very poor 
relative to optical imaging, Similar pictures can be obtained with 
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the eysten, This is shown in Figure 3 which is a collection of classic 
photographs taken by Albert Ross using a system with excellent reoolution, te 
Pictures of the sane object: were made with differing numbers of photons 
ranging from 3,000 to 28,000,000 par picture, At 3,000 photons in the 
Tield it is difficult to. tel} what the image is, At 12,000 a vague. out 
line ‘La: Been and at 9.5 x 10° we “begin to Yecognize the ‘picture, ‘Be8 BONA 
detail and pick up some ha the edges, In other words, we have improved — - 
_ the ability to resolve, We reach a ‘point where ddentification je possible, 

and from there we are: merely improving the aesthetic appearance with little: 
extra improvement ‘tn. resolution, - We shall examine this: Bee in ee 
detatt: when we. discuss the flibdeds of various ere: os 
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Dose at Km (1)° Km (1) 
System Gain Detector H (lines/ (bits/ — (lines / (bits/ 
(mr) mm.) mm..?) mm.) mm.?) 
Unscreened Film 1/34 75 2.1X108 4.8 210 4-5 140 
Screened Film 1/2.5 5 1.7105 4.2 100 3-1 43 
Visual Fluorography 1/125 0.2 136 3.6 50 0.7 1.4 
a 1,360 4.1 120 1.0 2.8 
g Inch Image 1/21.4 O.1 400 3-4 40 0.8 2.0 
Amplifier 1.0 (0.2 sec.) 4,000 3-9 75 1.4 4 
Fluoroscopy 
g Inch Image Amplifier 
Recorded on 
a) 8mm. Film 1/20 ©.1 (per frame) 430 3-4 44 0.5 1.0 
b) 16 mm. Film 1/20 O.1 430 3-4 44 0.65 1.3 
c) 35 mm. Film 1/20 O.1 430 3-4 44 0.7 1.5 
d) Videcon 1/20 0.1 430 3-4 44 0.7 1.7 
e) Orthicon 1/20 O.1 430 3-4 44 0.8 2.5 
Laminagraphy 1/2.5 5 6,840 3.2 30 2.6 17 
Television 0.6X108 
per frame 
Film Alone 10° 





Figure 4: Tabulation of the Information Capacity and apparent resolution 
of various systems, The first columns of K, and I are for 
the image prior to detection while the last two are after 
detection, 


Figure 4 is a tabulation of calculated values of the information 
capacity of various systems, The values vary widely, film at 104 bits/ 
Sq. mn; film-screen combination at 43 bits/sq.mm.; a 9" image amplifier 
at 2 bits/sq.mm., etc, In scintiscans for a typical radioisotope 
scanner the value is 1 bit/sq.cm, If you can make a diagnosis at 2 dits/ 
6q,mm,, then the information capacity of the film is far higher than may 
be necessary, At present, film is reasonably inexpensive but other 
systems can conceivably replace it. Further, even if a given system has 
a lower capacity than desired, it might be possible to manipulate the 
image so as to produce proper diagnoses with low error rates, This is 
the main reason for image manipulations, Such techniques have been 
popularized by the computer processing of pictures from space, but other 
methods have been used in the past with less publicity, Besides 
quantitating and comparing systems, another advantage of the information 
capacity concept is that it allows for system parameters to be varied to 
determine which maximizes the capacity, 
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Figure 5: Dependence of Information Capacity on bore size for a typical 
radid={sotope scanner, Cy, and Co are leakage and background 
parameters with those for the highest peak most typical, 


Results from considering information capacity as a function of 
collimator bore size for radioisotope scintiscanning are shown in Figure 
5. These demonstrate a maximum but it turned out that the objectively 
determined optimum bore size shown was just what the physicians had 
subjectively decided was best. This really only confirmed the basic 
tenets of information theary which tries to express mathematically 
communication between individuals and their universe, 


One reason to stress this subjective effect is that if you want to 
detect a nodule of a given size then the resolution of the system should 
be matched to the nodule, In this case, the information capacity 
concept must be modified by a priori information which, of course, was 
not included in the above treatment, Shea and Zisken of Temple University 
Yecently showed that there is an optimum viewing distance for reading 
radiographs to minimize the negative error rate when looking for a 
Specific object, In fact, they are saying, if you stand back you change 
the apparent area of concern relative to the resolution of the eye, and 
there will always be an optimum viewing distance, depending on the task, 
to give maximum detectability, Any diagnostician who stays at a fixed 
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distance when reading films is making a serious error in his procedures, 
and will get poorer results than one who varies his distance, 


The Eye-Brain Systen., 


To couple image properties and information concepts with the eye/ 
brain system means that we must know more about the eye/brain systen 
itself, Now, the human body has developed all its sensory perceptions 
to the highest degree possible, The sensitivity of the ear, for exauple, 
is limited only by the blood noise through the vessels in the ear and 
can detect signals as low as 107” dynes per sq, cm.3 the sensory 
perception of the fingers is also limited by internal motions but can 
detect a 1 micron displacement while the skin of the back can detect the 
Pressure due to sunlight, 


Now, the eye is probably the most highly developed sensory organ 
which is traceable to man's adaptation as a hunter, The eye can detect 
as few as two photons on the retina, but can adapt and have the saze 
quantum efficiency in bright sunlight - a range of 107; the quantum 
efficiency is about 12% which means that the eye acts as a statistically 
limited device receiving about 12% of the incident photons, The eye is 
very sensitive to motion, It can perceive contours and has a scanning 
mechanism to recognize edges and profiles and to sharpen awareness of 
change, It also has a color sense which again is a development from the 
needs of a hunter which were much rore utilitarian than aesthetic, 

The retina of the eye has two kinds of receptors, rods and cones, The 
cones are highly concentrated and constant in density over a srall 
central area, the macula, covering a 3° angle but taper off down to 50% 
at 8° where they are being replaced by rods, The cones are responsible 
for high resolution, ability to perceive edges, and for color vision, 
The rods have no color sense but are responsible for peripheral vision 
and can detect motion, All these properties influence our method of 
Searching an image and, in essence, determine the amount of information 
we can get from it, Dark adaptation is a useful property that allows 
the eye to reach maximum sensitivity to change at various illumination 
levels, however, it can also be disturbing since a very bright spot in 
a scene may bleach out the sensitivity for the rest of the picture, 
Recovery can range from minutes to hours, The normal eye, when scanning 
can see about 20 shades of grey and, if adapted for different levels of 
illumination, can cover about 200 shades from the minimum to maximun 
light levels, 


Figure 6 shows the response of the rods and the cones to various 
photon pcboecay Around middle green is the most sensitive region 
for the cones (again illustrating that we are creatures of our environ- 
ment - Since this is the peak of the chlorophyll absorption band and the 
peak of the spectrum of sunlight), The rods have their maxinun 
Sensitivity in the blue and become more important at low light levels 
(e.g, moonlight), This explains why everything looks bluish in moon- 
light since the rods have taken over although, in fact, moonlight has 
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Figure 6: Wavelength response of the eye. (After Henny and 
Chanberlain, ) 


quite a white spectrum, The rods and cones can also be bleached 
independently. Further the red sensitivity of cones can be bleached 
out, leaving the blue sensitivity which is the reason behind the use 


of red goggles to preserve the dark adaptation for viewing fluorescent 
screens, 


The minimum detectable contrast and resolution of the average eye 
are shown in Figure 7 for a range from 107) to 10 mL scene brightness, 
This data was obtained by looking at a disc against a white background, 
so the edges were reasonably sharp, For a 25 cm, viewing distance the 
resolution at 107+ aL is very low and we are using rod vision, At higher 
brightness, cone vision is reached and resolution increases rapidly so 
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Figure 7: Resolution and contrast of the threshold limited eye as 


a function of brightness, (Adapted from Henny and 
Chamberlain, ) 


that at normal illumination (as for film reading) it is possible to 
resolve 2 lines separated by only 0,05 mm, Contrast sensitivity in- 
creases Over the same brightness range, At low illumination levels, 
about a 50% change in contrast is required for detection with a corres- 
_ ponding poor resolution, while at the higher brightness levels only 1% - 
2% difference is needed for perception, The part of the diagram 

labelled fluoroscopy refers to unintensified fluoroscopy; with inage 
amplifiers the brightness level is greatly increased, 


Figure 8 is similar data for the eye but replotted in a different 
manner by Rose, FPercentage contrast is plotted against the reciprocal 
angular size for various scene luminances, and the results are reasonably 
straight lines, Slight discrepancies have been the subject of discussion 
by Russell Morgan but we will not consider these at the moment, All this 
data may be interpreted by a model that assumes that to distinguish an 
area from a surrounding field with reasonable certainty, the minimun 
perceptible difference is three to five times the rms deviations in 
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equivalent areas in the surrounds, This is also the signal to noise 
ratio required for detection, Further, since this is for threshold 

viewing, the fluctuations are simply quantum noise due to statistical 
variations in the finite number of photons involved in any given area, 


SCENE CUMINANCE = Foor LAMBERTS 
e ° 6 
cs] 
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Figure 8: Data of Figure 7 as replotted by A. Rose, 


It is interesting and perhaps significant that a requirement of 
3 rms deviations is just that needed to be confident of a difference 
between averages of statistically varying quantities on a 97% level, 
Another more interesting way of looking at it is that if a detector 
occupies 1075 of the field of view and a S/N of 3 is required, there will 
be some 300 spurious test areas in the field. For a S/N of 4, there will 
be only 6 such areas, Under ideal circumstances the experimental figure 
is 3; under less ideal circumstances with larger and less sharp object the 
figure may be 5, so the figure 4 is generally used, Thus, if there are 
no noise signals other than the_incident photon fluctuations, we see a 
contrast range = C = B/4B = 4 /NA where N is the photon density and A the 
resolvable area, Other results of Rose's deliberations were that the eye 
acted as a true fluctuation limited device with a dynamic range of 102 
and a 12% efficiency due presumably to the limit with which cones could be 
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packed into the retina, The retinal area is pooled so that, depending 
on ambient light levels, the eye determines the number of cones to be 
integrated, If the level increases, the eye can decrease the area of 
integration. This pooling maintains the statistical accuracy but 
changes the resolution - obviously taking time for such adaptation, 


The eye/brain system has some other interesting properties such as 
edge perception and memory, for example. To both perceive edges and to 
have memory it must scan, Such scanning is also necessary to increase 
the field if view. It is possible to arrange that an object be imaged 
at a fixed point on the retina so that, if the eye scans, the object also 
moves to keep the image fixed on the retina, With these conditions, it 
has been found that the image visualized by the brain disappears from 
view after some two minutes even though the physical image is still on 
the retina, Further, to remember an object the eye must scan over the 
object with the ability to remember also changing with time, This 
short time memory process is not entirely in the brain but is also 
associated with the circuitry of the retina, This association, although 
Obvious experimentally, is not well understood, The diagnostician who 
compares &@ radiograph with his whole memory store of normals and detects 
something different must use both short and long time memory processes, 


Noise, 


Statistical limitations in imaging may be studied by looking at 
the results of electronically adding noise, as was done by Coltman and 
Anderson, They measured resolution of the eye in terms of resolvable 
line pairs per picture as a function of signal to noise ratios using a 
bar pattern with at least seven bars, Results are shown in Figure 9, 
As predicted by the Rose theory, the resolution increased as the signal 
to noise ratio increased, Added noise simply floods the background 
Yeducing both contrast range and apparent resolution, The character or 
Spectrum of the noise will also affect these results and instead of just 
Signal to noise power ratio it is necessary to know the Weiner spectrum 
of the noise, An example of this is the well-known fact that vidicon 
limited noise is much more pleasing than quantum noise, 


Figure 10 shows some results from scintiscanning, by Mallard and 
Wilks, who had observers look at large areas of scintillating light spots 
presented by an oscilloscope, They found that the ratio of the counts 
added for detectability of a given area to the square root of background 
counts (m}//M) was linear with respect to the diameter of the displayed 
area and exactly supported the Rose hypothesis, So even for large 
objects and very poor statistics the previous relationship holds, 
Mallard also found that it was necessary to reduce the size so that the 
eye was not scanning an edge but integrating an area for this to hold 
true, When instead of the oscilloscope he used black dots on a piece of 
white paper he obtained the data shown in Figure 11, Here the change 
in fractional threshold count density did not change with diameter so we 
have two experiments with the same kind of statistics giving different 
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Figure 11: Fractional changes required for detection of a disc seen on 
a scintiscan as a function of the diameter of the disc, 
(After Mallard. ) 


results, If the screen scintillated, apparently the Rose hypothesis 

was followed, requiring 4 standard deviations to see a difference; with 

a non-scintillating image, the result was a contrast density difference 

of about 10%, One possible explanation is that under these last 
circumstances, the image is large and the eye has a flood of photons - 

as when viewing a bright slide with line drawings - and is forced to high 
resolution and a smaller area of retinal integration, Now, because of 
the poor statistics in the above example, it hops around looking at the 
spaces comparing one area with another to determine if a change or edge 
exists, This is the suprathreshold region of viewing where the properties 
of the eye differ from those when under threshold conditions, The thresh- 
old conditions are most sensitive when simply detecting areas that differ 
from the surrounds, since the eye is integrating over all the area and a 
8/N of 3 results, On the other hand, less sensitive suprathreshold 
conditions are necessary to detect contours and communicate details such 
as shape, size, etc, If an edge is sharp, a 1% density change can be 
distinguished, but if the edge is not sharp the eye is much poorer as 

we shall see, 
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Edge Sharpening. 


Figure 12 is a photograph of a Weston step wedge. At any edge, 
it appears lighter on one side and darker on the other, This effect 
does not physically exist, but is an artifact produced by the eye and is 
called the Mach effect, Mach discovered that the eye tends to darken the 


dark side and lighten the light side of any discontinuity, 


This may be explained by the sine wave response of the scanning eye 
shown in Figure 13, This is not the MIF of the retina since the eye nust 
physically scan the image, The graph shows that there is a particular 
value of the spatial frequency - around 20 line pairs per mm where the eye 
has a maximum response, It has much lower response at lower spatial 
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Figure 13: Sine wave response of the eye, (After Lowry and De Palna, ) 


frequencies and a cut-off at about 200 line pairs per mm on the retina, 
The existence of this peak means that the eye is essentially sensitive to 
edges - with their high frequency content, An image with a slow change 
in density will have low frequencies and the eye sensitivity will be 
reduced, On the other hand, a sharp density change will have a high 
frequency content that the eye will accentuate so that the edge is 
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perceived, This is actually a process of differentiation someplace in 
the retina circuitry where second order differentials are being added to 
give rise to the Mach effect, Thus a sharply defined edge can be seen 
with density differences of only 1-2%, but if the change were smooth, the 
sensitivity would drop to where a 25% difference would be required to 
identify a density gradient, 
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Figure 14: Density difference required for identification of a smooth 
change as a function of the angular size presented to the eye, 


Figure 14 is data we took some time ago on density gradients, Using 
a film with a linear variation in density, and varying the viewing distance 
80 that the angle subtended at the eye was altered, the observers had to 
report on the orientation of the film when it was viewed with a given 
surround, In this way it was possible to determine the circumstances 
under which a density difference was perceived, As seen in the graph, it 
turned out that about a 25% difference from end to end was necessary to 
detect a gradient, whatever the viewing angle, The eye in fact was not 
Sensitive to the gradient, could not use the Mach effect, but scanned and 
Yemembered the apparent density from one end of the image to the other, 
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The stress on edge gradients is important because a diffuse edge 
can be sharpened so that it becomes obvious to the eye and this is what is 
done by contour enhancement, This can only be done for suprathreshold 
viewing, When the eye is simply fluctuation limited, i.e. quantum or 
threshold limited and at its greatest sensitivity, there is nothing that 
can be done, In the suprathreshold region only are there possibilities 
for image manipulation, However, before we get to image manipulation we 
should understand a little more about the structure of images, from 
either the physical or the mathematical viewpoint, 


Spread Function, Transforms and Convolution, 


Since a radiographic image is simply a two dimensional distribution 
of various light intensities, we may represent the intensity at any point 
by I (x,y). Now if we consider only one such single sharp point in the 
Object plane, any system will make this less sharp in the image plane 
producing the so-called point spread function of the system, Since each 
small point in the object gets spread out by the point spread function, 
the final image is simply the result of all these overlapped and added up, 
Thus we can say that the input I (x,y) convoluted by the spread function 
function gives the output distribution O (x,y) or, symbolically, 


I (x,y) * S = O (x,y). 
Two-dimensional convolution is a difficult mathematical operation, but 


perhaps can be understood better with a one-dimensional case of an 
electronic amplifier as shown in Figure 15, 


Convolution 


Input v(t) — > Output V(t) 


| 5 (t) : ; L (t)=spread function 


Vitd= fvit) Lit-t')at? 


or Veev ¥L 
Theorem: V=VL 


Figure 15: One dimension convolution, 
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For a very short input pulse of voltage I(t), the output voltage will 
look as shown, This output may be considered to spread out in time by a 
function we can call L(t), Now, any input can be considered to consist 
of a series of such short pulses, each one of which has been acted upon by 
the spread function, so the output is 


o& 
O(t) = f I(t) L (tot") dt®’ = I*L 
0 


One dimensional convolution, like this, can be done easily in a computer 
but it is very difficult to do this in two dimensions, Instead, advantage 
is taken of the convolution theorem which states that the Fourier transfora 
of the input multiplied by the Fourier transform of the spread function 
gives the Fourier transform of the output, 


o = (TI) (Tf) 
This is the mathematical trick that makes the computation much easier, 


The Fourier Concept, 


The Fourier concept relates the shape of any signal to an infinite 
Series of sine and cosine functions of different amplitudes and harmonically 
related frequencies, Specifically, for a periodically varying function - 


e.g. a series of rectangular pulses - the shape of the input voltage can 
be represented as: 


V =A, + A, sin 2xr ft op A, sin 2 (2:rft ) + A, sin 3 (27rft ) + eeoce5e 


A sin n (2mrft ) + cccee 


where the arguments of the sine functions are obviously related harmonic- 
ally and the values of A, may be determined from Fourier's Theorem which 
we shall not discuss here, If we now plot the amplitudes (A) as a 
function of frequency we get the results shown in Figure 16, 


These are for a repeating function that continues for an infinite 
time, and all frequency components are independent and discrete, We can 
how talk about the frequency response of the amplifier or system, If 
certain frequencies are handled differently by a system than all other 
frequencies, the output shape will differ from the input shape, This 
is shown in Figure 17, In general, high frequencies determine sharp 
detail such as fast rise times and the edges of pulses while the D.C, 
component determines the relative vertical position of the time axis, 
Thus, knowing the frequency response of the system, we can predict the 
Output wave shape for a known input, The important aspect is that we 
have taken a signal as a function of time and transformed it into an 
infinite series of terms varying sinusoidally with directly related 
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Amplitude 





lf 3 f 5 f T f Of lif I3f 
Frequency 


Figure 16: Harmonic composition of a square wave, Only edd 
harmonics are necessary, 
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Amplifier 


Gain 


Choracteristic 


Frequency 


Output 


Figure 17: Effect of amplifier characteristics on wave shape, 
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frequencies, This is called Fourier Analysis, One important property 
is that if the input pulses are made very narrow relative to the spaces 
between them, there will be more terms in the Fourier expression per 
frequency interval - that is, more components will be needed to reproduce 
the original, 


Now, it is possible to do the reverse of Fourier Analysis by taking 
a series of sine waves, adjusting their amplitudes and adding them to 
create an input signal, This is Fourier synthesis and was used by Lord 
Rayleigh to predict tides throughout the world, Dayton C, Miller of 
Case Institute of Technology used the same idea when he took profiles of 
@ man and a woman, ran them through a Fourier analyser to determine the 
frequency components, converted them to sound frequencies, and then struck 
a note representing the acoustic Fourier synthesis. Needless to say, the 
sound from the male profile was much less pleasing than that from the 
female, It may be that we do the same thing visually, If the picture 
we are looking at has a lot of non-harmonically related frequencies, 
perhaps it looks less pleasing, In passing, it should be mentioned that 
non-harmonically related frequency components can arise from the analysis 
of a single pulse, 


If instead of an infinite series of repeating pulses at the input, 
we have one single pulse, we find that instead of the series of discrete 
frequencies, we need a continuous frequency spectrum which can be 
calculated by using the Fourier Integral transform of the input pulse 
shape. For a rectangular shaped pulse, the amplitudes as a function of 
frequency becomes a continuous function represented by (sin@ /0)e«a 
sinc function which has become important since so many. practical devices - 
such as the target of an x-ray tube - may be treated as rectangles, 
This continuous sine function is simply the envelope of the frequency 
amplitudes shown in Figure 16 which were for repeating rectangular functions, 
However, the amplitudes may become negative for certain frequencies which 
represents a 180° phase change, When this occurs optically, it leads to 
what is called spurious resolution, The Siemens star test object will 
demonstrate this phenomenon (see Stanton), In a complex image, the eye 
is not too sensitive to phase change like the ear which can tolerate up 
to 60° phase shifts, 


We now have the representation of a pulse in terms of a series of 
frequencies, Since the frequency terms have the factor (2/7ft ) which 
is a dimensionless quantity, we could talk of distance instead of time, 
and instead of cycles per second, use cycles per millimeter, This would 
then apply to a density trace across a film where the density was a 
function of distance, The terms in the Fourier equation would have the 
factor (2wkx) where k is now the spatial frequency and the spatial 
frequency response of the system is called the modulation transfer 
function or MIF, it should be noted that while true imaging is complic-~ 
ated because it involves two dimensions, most investigators approximate 
it with one for obvious reasons of simplicity, 
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To summarises the output signal is determined by the input signal 
convoluted by the spread function, The convolution theorem states that 
the Fourier transform of the output is equal to the Fourier transform of 
the input multiplied by the Fourier transforn of the spread function, 
This latter is, of course, the MIF of the system, These transforms 
provide a practical method of calculation rather than trying to make the 
very difficult integration required by convolution, Thus, we have two 
ways to modify a signals We can mathematically operate directly on the 
Signal ~ differentiate, integrate, multiply, add, or subtract - or we can 
put it in the frequency domain and filter, Both methods are the same in 
the long run, and it is possible to design filters that perform exactly 
the same as some computational process, The mathematical operations on 
images are frequently done in a TV chain resulting in such changes as 
contour enhancement, deblurring, profiling, etc, while the filter methods 
are usually done on an optical bench where the diffraction pattern of the 
Object is its two-dimensional Fourier spectrum, Examples of these 
manipulation techniques will be shown later, While it is obvious that 
&@ visual system is two-dimensional I (x,y), not so obvious is that many 
operations are much simpler if done in one-dimension, To convert an 
image to a one-dimensional ag some type of scanning is necessary, 

In the TV case, the position (x,y) is related in a known way to time 
such that f(t) = I (x,y). The exact way these two are related is des- 
cribed by the scanning raster, It must be remembered however, that 
true two-dimensional operations - such as contour enhancement - cannot 
be done with the simple raster used in conventional TV systems today. 


One last point is that the above two versions of the same information - 
voltage as a function of position or voltage as a function of frequency - 
are known as Fourier Transform pairs, 


The One-Dimensional Case, 


Consider Figure 18, where (a) is the luminous input to the system 
and (b) the output where the distance between the bars in the pattern 
correspond to the reciprocal of the spatial frequency, The systen 
response - or ratio of (b) to (a) - is replotted in (c) as a function of 
the (spatial) frequency, This is the MIF of the system, Figure 19 is 
an example of an object analyzed in terms of its spatial frequencies, 

The object was a two-dimensional liver scintiscan and (a) is a single 
profile line through the image which represents the intensity of deposited 
radioisotope as a function of position, The calculated spatial frequency 
transform of this line shape is shown in curve (b), When we look at a 
similar scan line (c) through an abnormal liver, we see a “hole” in it 

the spatial frequency pattern also differs from the normal as seen in (a). 
Of course, we have just what we expected - an observable difference, 

But this is a trivial case, The real question is, can the observer see 
something more easily, with more sensitivity, by looking at the spatial 
frequency pattern than by looking at the original scan? This as yet 
remains unanswered, 
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The Two-Dimensional Cas 


In the two-dimensional case, the point spread function of the system 
can be represented by § (x,y) and the MIF by T (u,v) where u and v are the 
spatial frequencies along two orthogonal axes, Thus, the object f(x,y) 
can be convoluted by 5(x,y) to form the image F(x,y) or the object eo 
f(u,v) can be filtered by T(u,v) to produce the image spectrum F(u,v). 
Now, these formulations are truly two-dimensional which can become 
extremely complicated, Fortunately, most systems are either symmetric 
or isotropic so a one-dimensional function can be used, However, there 
are a few exceptions in the x-ray field, notably with rectangular x-ray 
spots, where the MIF will be different in the x and y directions, K, Doi 
of the University of Chicago has published some work on this problen, 


In Figure 20 are examples of spread functions corresponding to the 
input of a point, a line and an edge assuming isotropy, These are not 
only mathematically related to each other but also to the MIF, 
Generally, for x-rays it is more convenient to measure a line spread 
function and then calculate the MIF, 


Luminance Point spread function 
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Line spread function 
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Edge spread function 
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Figure 20: Example of point, line, and edge spread functions, 
(After Gebaver, Lissner and Schott, ) 
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In Figures 21 and 22 are some examples of two-dimensional transforms 
of various functions, For example a slit in (x,y) gives a bright line 
in the (u,v) plane; a cosine distribution of intensities in (x,y) results 
in the appearance of lines in the (u,v) plane; while a perfect point 
6 (x,y) gives a distribution that extends over all infinity, The only 
function that transforms into itself is the Gaussian, With a complex 
image whose analytic function is unknown, the Fourier transform has to be 
found by experimental or computational techniques, 
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Figure 23: Examples of two-dimensional transformations, (After Bracewell, ) 


Figure 23 shows some more examples for symmetrical functions (Hankel 
Functions), A bright ring, or circular slit transform into a Bessel 
function in the Fourier plane, It can be shown that the optical 
diffraction pattern of an object is its Fourier Transform and it is 
possible to use the diffraction of light to obtain the spatial frequency 
Spectrum of any particular object, Further, filters can then be located 
in this diffraction (Fourier) plane that will selectively remove any 
desired frequency or band of frequencies, 
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new developments in this field, 





Figure 25: Spatial Frequency Spectra of a "7" anda “O", The 
latter is the symmetrical pattern, 


Figure 25 shows the optical diffraction patterns of a "7" and a "0", 
jllustrating the asymmetrical spectrum for an asymmetrical object. Figure 
26 is a graph of the spectral intensities of both as a function of spatial 
frequency after rotation to enhance any polar symmetry, Such a technique 
may ultimately be of value in detecting tumors with polar symmetry, 
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Figure 26: Intensity spectrum as a function of spatial frequency for the 
spectra in Figure 25 rotated about an axis through the center 

of the spectra, 
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Systems in Series. 


An x-ray system can be considered to be made up of individual 
components in series; target, object, film or image amplifier, lens, 
vidicon, kinescope, and observer, each with its own MIF, 


COMPENSATED 


VIOECON 


v(K) 


INTENSIFYING SCREEN 
(DUPONT PAR SPEED) 


VISUAL FLUOROSCOPIC SCREEN 





Ol A I. 10. 100. 
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Figure 27: MIF of some typical radiographic components, Alternate 
peaks are really negative (180° phase shift) for the 


x-ray focal spot, Such peaks are rarely seen in 
practice, 


The MIF of some components are shown in Figure 27, That for the 
x-ray focal spot is plotted with only positive amplituwies. Since for 
Systems in series, the final result is simply the product of all the 
individual MTF's we see as shown in Figure 28, 


MIF of systen = To = T, % 7, xT, x Ty X oe. Th eee 


The final result will always be worse than the worst component as is 
denonstrated by the product TT. 
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Systems in Series 


T,= 1,T,T,..... = I (Tx) 





—_ 


Figure 26: MIF for Systems in Series, 
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Figure 29: Normalized MIF for film and fluorescent screen compared to 
that for a rectangular x-ray target (sin 0/0), 
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It is now possible to begin to identify the poorer components in 
order to see where the system may be improved, The optical system may 
be poor but, even if it could be improved, this might be uneconomic if, 
for example, the vidicon were worse, The MIF does not measure quality, 
but it does allow prediction of operation, Figure 29 shows the MIF for 
films, fluorescent screens, and a square x-ray target (sin 0/6) plotted 
against a normalized spatial frequency, This shows that film and 
fluorescent screens scatter and change frequency response in a similar 
way, Now, since the overall system MIF is the result of a mathematical 
product of the component MIFs, it becomes possible to compensate for the 
characteristics of a system by adding a complementary filter. 


Consider Figure 28 again, in which Tj represents a typical system 
MIF where the response at high frequencies falls off and sharp edges may 
not be seen, However, a filter function To, designed to have increased 
response at high frequencies when coupled with T; will give a product 
that is constant with frequency up to some arbitrary frequency, To is 
Sometimes known as the inverse MIF and obviously improves overall 
resolution, Such processing has been done in television systems or 
equivalent so as to bring objects back into focus that were out of focus 
in the original, From the shape of To, it is obvious that, to increase 
the high frequencies at the expense of the lows, one must resort to 
differentiation or its equivalent which as we shall see ties in with the 
computational techniques mentioned earlier. 


The problem in radiology and in scintiscanning is that the original 
signal contains noise, Under conditions of high resolution we become 
quantum limited such that the normal statistical fluctuations in the 
Signal produce disturbing effects, If such a noisy signal is now 
differentiated, the signal to noise ratio decreases rapidly so that such 
& process becomes quickly limited, Perhaps 20% improvement may be 
accomplished in resolution, but at the cost of greater fluctuations in 
the final image, The resolution apparently becomes a little better, 
but the enhanced statistical fluctuations can result in an increased rate 
of false positive diagnoses, 


C.B. Cykowski has felt that he obtains superior results in 
optically manipulating scintiscans using an MIF containing a rising curve 
followed by a falling curve, The last part of the curve is really 
filtration while the upward portion gives increased resolution, This is 
One approach to the design of an optimum filter to improve resolution 
but still filter the increased noise due to the process, It is 
interesting that Cykowski used a computer to design his filter, The 
results of this approach still have to be evaluated subjectively and 
clinically, 


Many investigators such as D.W. Brown and D.L. Kirch have used 
digital computer manipulations in this manner but this approach has 
similar limitations due to noise, If a signal representing the average 
density is to be fed into a computer for processing, the original data 
must be sampled and hence the size of the sampling area becomes important, 
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If it is small for improved resolution, then the statistical variations 
become large. If it is large for better statistics, then the resolution 
becomes poor, The sample area is really an averaging device which 

also filters or removes the high frequency components, Some investig- 
ators such as S.M, Pizer use a sampling area that changes with local 
signal density (variable averaging) but whether this results in 

improved diagnostic error rates remains unproved, It is also to be 
noted that to mathematically differentiate one must take differences 
between adjacent sampling areas resulting in increased fluctuations in 
the difference signal just as in the analog case, 


Systems in Parallel, 


It is becoming useful in diagnostic radiology to use systems in 
parallel which is accomplished by. simply adding or subtracting two images. 
Mathematically: 


Image F (x,y) = Fy (x,y) © Fo (x,y) 
Fourier Transform: F (u,v) = Fy (u,v) t F, (u,v) 
Resultant MIF: To = af, t dTo 

a+b 


The resultant MIF (To) is either the sum or difference of two MTFs (a and 
b representing normalizing constants), This is shown in Figure 30. 


Systems in Parallel 


F (x,y) = F, (x,y) = F, (x,y) 
F(u,v) = F, (u,v) + F, (u,v) 


aT, t b T. 
a+b 


Te 


T | 


Figure 30: MIF for systems in parallel, 
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By subtraction we get Ty - To and we can eliminate all the D.C. and low 
frequency components and leave just the high frequencies if a and b are 
adjusted properly. This can lead to contour enhancement in which the 
shades of grey for the gross structures are removed and the frequencies 
due to sharp edges only are amplified, One way to accomplish this is to 
use storage of one image on a video-tape or a disc recorder and subtract 
this from the second “live time" image, Usually one image is a slightly 
out-of-focus version (To) of a first sharply focussed image (T,). It can 
also be done by producing a slightly out-of-focus negative transparency 
and viewing this in series with a sharply focused positive transparency, 
Such a subtraction process has been called “harmonization", 


Image Processing, 


We now wish to consider image processing via computers rather than 
using optical filtering devices, Two dimensional image computation using 
analog computers was first described by Kovasznay and Joseph and, although 
still used, they have been replaced somewhat by digital computational 
techniques, 


If f(x,y) is the object and F(x,y) the image, we may write 
F(x,y) = 9. f(x,y) 


where £2. is a processing operator, Now the most general linear 
isotropic operator is the Laplacian: 


a v 2 >? a \ 
If we expand this and keep only the first few terms, we see that to a 
good approximations 

en ( Yan , [at . 

V oe ax y 

Now, it can be shown that if | = Y7y2 where ¥ is a constant, then 
we have an outlining or profiling operator, If {l= 1 - y2y72, we 
have a contouring operator or an “anti-diffusion” or deblurring" operator, 
One can, of course, select the amount of correction simply by adjusting 
x. It is rather obvious that to obtain the above operations, one must 
differentiate the image, Such an operation may be understood more 
clearly by reference to the one-dimensional case shown in Figure 31, 
Here we see the function (1), its first differential (2), and its second 
differential (3), The latter, when inverted produces the Mach effect 
discussed earlier, Mixing the original and its derivatives gives the 
results shown in (4), (5) and (6), Subtracting the first differential 
gives an image (4) that is shifted and distorted, Subtracting the 
Square of the first differential (5) gives a result narrower than the 
original and narrower than (4) while subtracting the second differential 
from the original gives a sharper edge still but preserves the original 
width, As mentioned, (5) and (6) are very similar and the small 
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Figure 31: Process of differentiation, 


difference in width is not visually significant so that the second 
differential can be approximated by the square of the first, This, then, 
is how an object can be sharpened or, equivalently, how an inverse MIF 
can be introduced. It is obvious that the amount of change will depend 
on the magnitude of the constant a, 


A fundamental problem is how is the input to the computer obtained? 
If the original signal is an x-ray photograph, and you are using an optical 
system, one has a truly two-dimensional operation and a visual output, 
The problem is simple, but the execution is difficult, To operate on it 
electronically, the photograph must be scanned in such a way that we 
average Over a small area at the same time we are converting position 
into time, As mentioned previously, the result is a signal as a function 
of time: I(x,y) has been converted to I(t), Thus, a two-dimensional 
picture is converted into a one-dimensional function which can be 
operated on mathematically with analog techniques since x and y are now 
each a function of t. However, a typical TV scanning raster will produce 
mathematical operations only in one direction (x) since the picture is 
really only scanned in that direction, To do a two-dimensional analog 
operation, a different scanning pattern is needed - one that scans both 
horizontally and vertically so that every point (x,y) is crossed 
orthogonally in two different directions, Another type of scan pattern 
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that could be used is that of anharmonic Lissajou Patterns which 
ultimately satisfy the same criterion and which system is used in the 
Logetronic apparatus, The resulting transmitted one-dimensional signal 
can either be processed by a one-dimensional operator and finally 
reassembled on a kinescope to produce a 2D manipulated image or, the 
scanning beam itself may be used to print by transmission through a 
negative with its intensity further controlled by electronic feedback, 


Regarding digital computational techniques, the photographic density 
(or number of events in an area Axdy) at a point (x,y) is measured, 
digitized, and then stored along with the positions x and y, This task 
requires a huge computer since to describe a 14" x 17" radiograph on which 
one can resolve 0,1 mm, one needs a matrix - or storage device - having 
15 million bins each of which is capable of holding up to at least 64 
intensity levels, Further, to perform true two-dimensional operations, 
one must multiply every number by all other numbers many times, which takes 
much time, Such operations can be reduced in time by using larger 
averaging areas but again this results in poorer resolution, Even 
digitally, any manipulation only reduces the amount of available 
information, 


In a flying spot scanner the scanning pattern is created on an 
oscilloscope screen, projected on the film to be processed, and the 
transmitted light detected by a photo-multiplier tube, After operating 
on the P/M tube output, the signal is then reassembled for a kinescope 
presentation, An alternative approach is to have the film uniforaly 
illuminated and look at it with a vidicon or orthicon, Unfortunately, 
with a vidicon, the input screen may be non-uniform by as much as 25% 
at the edges relative to the center - although by careful selection it is 
possible to bring this figure down to t 5%, These non-uniformities are 
due to “beam landing errors" arising when the electron beam does not land 
perpendicular to the amorphous target surface, 


In Figure 32 are two methods of changing contrast. In the first, 
a square scanning raster is used with a recording film behind the 
Original film, Light which goes through both films is then fed back to 
control the original intensity so that the final contrast can be made 
greater or lesser as desired, An alternative method is to scan the first 
film, amplify the picked up signal and display it on a kinescope, which 
image is then recarded on the second film, By choosing specific 
characteristics of the amplifier, it is possible to enhance or compress 
contrast as desired. These methods, however, are quite slow, requiring 
the production of several films, 


Figure 33 shows a method first used about 1935, in which a rotating 
light spot is employed, The spot is scanned over the film and the A.C, 
component only used to modulate a glow lamp for recording, The D.C. has 
been taken out and the result is effectively contour enhancement by a 
harmonization process, Although it had high resolution the method did 
not become popular, 
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Figure 32: Methods for changing contrast, (From Jacobson and MacKay, ) 
# 1 is the original and # 2 the copy. The latter can also 
be replaced by the eye provided the integration time of the 
eye is adequate, 
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Figure 33: Scanning method for enhancing high spatial frequencies 
only, (After Jacobson and Mackay, ) 
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Figure 42: Flow chart for analog image processing, 


Figure 42 illustrates the steps in analog image processing, Firstly, 
the original radiographic data ~ intensity vs, position = must be stored 
for later processing and recall, Typical storage devices are film, a 
magnetic disc, or magnetic tape, At this point, the information is in 
analog form and must either be digitized for computer storage and subse- 
quent processing or rescanned and converted to a time-varying function for 
analog handling as shown, It is also to be noted that as well as having 
alternative techniques for manipulating the image, we also have alternative 
techniques for image presentation = all of which are really special 
computational procedures - whether they be analog or digital, 


Conversion and display 


Rescanning 
Storage s(t)= € B(x) By)Ax Ay Profiles 
Events x= Sw(t,)dt w Multiply y= s(t) w (thy) 
Position y= Sa(t,)dt lina x2 JSw(t,) dt 
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Figure 43: Mathematical equivalent of Figure 42, 
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levels with scintiscans, Detail that was: ‘Previously hae detectable, (0 
+o low contrast sensitivity) now becomes apparent, In this example the 
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Although it. has een: shown that the. eye can. distinguish. ‘thougands 
of different colors, this has. proved of. little value to date in TER 
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broper color sequences by signal intensity changes, One geta the 
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importance of increasing the original x-ray contrast which would appear 
to have more future impact on radiology than any image manipulations, 


Clinical Testing, 


Unfortunately not many people have truly evaluated image manipulations, 
Many types of manipulations have been performed and many very pleasing 
results obtained but the actual value in terms of the clinical results 
has never been ascertained, One group that has approached this problem 
is that at Temple University (Drs Kundel, Ziskin, Revesz, Shea and 
Wright), where diagnostic error rates are evaluated for various image 
manipulations, Most people have come to realize that the original x-ray 
picture is quite good with an extremely high information capacity and 
that it has not yet been improved by any image manipulations, While it 
may be possible, under certain situations, to improve say, the detection 
of a lung lesion only, the radiologist does not like to do just that, 

He rightly wants to see everything, and does not want to miss, say, a 
bone tumor at the cost of increased accuracy in finding a coin lesion in 
the lung, This is, of course, a medical decision, Regardless, film 
itself is very expensive and perhaps it would be possible to reduce this 
cost by electronic techniques of image production and handling that do 
not appreciably increase the error rates, Further, a lot of time is 
consumed in transporting film from processing to the diagnostician, to 
the 0.R., back to records for comparison with previous films, and filing, 
Also, you couldn't find a better place to lose a film than to file it 
with a million just like it ~- so loss rates are high, Electronic systens 
might make the information transfer faster and more convenient, Further, 
it might even be acceptable to have a slightly increased error rate if 
the convenience and ability to diagnose large numbers of patients were 
much increased, So the question arises, could a system be developed that, 
while it does not improve error rates, adds such a convenience in 
communications and time saving that it is an acceptable choice? This is 
the approach of the Temple group, They make chest radiographs on which 
they locate artificial coin lesions at various positions and ask people 
to find them, With the original films, negative error rates run about 
20% = that is, the radiologist misses about 20% of all visible lesions, 
The figure is in keeping with other such surveys of radiologic accuracy 
that have been made in the past, So we are talking about a serious error 
problem under any circumstances, At the same time one has negative errors 
there are also false positive errors where something abnormal is reported 
when the film is in fact normal, These run around 11%, When the same 
films are processed through an ordinary 525 line TV system, the error 
rates increased with the negative rate going to 54% and the positive to 
30%. The image was then manipulated and the results of different 
manipulations evaluated in the same manner, Eventually an optimum 
processing system was found that gave the same error rates as the original 
x-ray film, If too much contour or contrast enhancement were used, the 
positive error rates went up to 30-35%, By this introduction of 
differentiation to sharpen edges, more noise was created that was interpreted 
as more lesions, Whatever type of manipulations were done, the positive 
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and negative error rates were hyperbolically related - if the false 
positive increased, the false negatives decreased and vice versa, An 
optimum could be found = but only for the task of looking at coin lesions 
in the lungs, If the task were different, say, ulcers in the stomach, 
perhaps we would have to use another type of manipulations, However, 
for this one case, an image that is clinically as useful as the original 
is now available for transmission to different places, 


This kind of subjective testing is the only proper way to determine 
if image manipulations are of any value at all in diagnosis and anyone 
entering this field intending to "modify the image” should set up a 
meaningful clinical subjective test evaluation program at the same time, 
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DISCUSSION TOPIC 
IMAGE QUALITY AND THE RADIOLOGIST 


Q,: Will it ever be possible to write a mathematical expression to 
relate air exposure in radiography to image quality and to solve it? 


Rossmannt Maybe our children will do it, but not in the foreseeable 
future, So far, to study this thing at all we have had to separate 

the variables, the optics, the noise, the sensitometric characteristics 

of films and so on, and the trick will be to combine these to make a 
quality function, and this latter step is the difficult one - it has been 
tried in nuclear medicine, but not with much success, To find one 
single number that will tell us that system A is better than system B 

is impossible - the quality depends on what the radiologist wants to see 
in the image, To get a handle on the problem we must first find out 

what the radiologist needs to see to make a diagnosis, and this is very 
difficult information to get, One has to break it down into specialities, 
various procedures, and catalogue those lesions and things that the 
radiologist needs to see, and then translate them into physically meaning- 
ful things such as spatial frequency content, and then crank them into 

the transfer functions, It's a long process and we have only just 

begun, 


The question really is how important is image quality? One reason 
I left Kodak was to work with people who are using these images, rather 
than to stay and do physical experiments in the laboratory, Hopefully 
I can learn from them to understand what one should do = and this has 
been a deflating and depressing experience, For instance at noon 
conference I would watch the residents take 5 or 10 minutes to arrive at 
a diagnosis - while the chief, sitting 20 feet away, makes.it in 2 seconds! 
He has excellent eyesight, this is true, but at 20" he certainly doesn't 
See quantum noise and resolution can't mean too much to him, Another 
instance I recall was a case where a new radiograph was being compared 
to an older one to estimate the progress of disease, The old one was 
very black and overexposed; the new one was fine, The films were com- 
pared and conclusions reached, and I asked "Doesn't it matter that you 
can hardly see anything on the over-exposed film? Doesn't it disturb 
your diagnosis?" And the reply was “We hadn't noticed the difference, 
and it doesn’t disturb us because we are used to it", 


Another incident I recall was a resident looking at the film, taking 
it off the illuminator and looking closely at at - and when I asked why 
he did that and if it helped, it turned out that he hadn't realized 
what he was doing « it was merely a habit, Then I was told of the way 
it could be recognized that one radiologist had made his diagnosis - when 
he had taken down the radiograph for the fifth time! At this stage I 
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felt panic - how could one learn what the radiologist needed? So I 
felt that I should try to find some threshold phenomena - ask the radiol- 
ogist if he doesn't wish the radiograph was better because perhaps he 
couldn't see something very well - and the answer was "No, it never 
happens"! So I made up some IBM cards with several questions such as 
"Is this radiograph of good quality? Poor quality? If poor, why? 

Is it because of graininess, unsharpness, low contrast?" - things like 
that, and asked three radiologists to use them for a while, The answers 
I got back were interesting, They had checked things like poor 
positioning, over-or under-exposed and things like that but never the 
questions I had asked, So it becomes apparent that they don't look at 
radiographs the way a physicist does - to them it is not a photograph 
with certain properties, but a gestalt or pattern, and to ask them to 
look at it in some other way in terms of physical characteristics is 
simply asking them to do something they are not used todo, Sol 
remade my little cards, asking simply is this radiograph good or poor, 
would any improvement in the radiographic quality result in a more 
certain diagnosis? This was an absolute fiasco - they didn't know how 
to answer, 1 guess what I am really saying is that one is dealing with 
a highly trained and intelligent person who is trained to think and look 
at things in an entirely different manner from us, So we must not be 
discouraged, but try to learn to establish communication, back and forth, 
and learn how they think as they learn how we think, 


Q,: Have you tried asking similar questions of technicians? Those 
with experience develop the ability to see something diagnostically, 


Rossman: No, this is not practical in our set-up, 


Wright: One thing we do not factor into our talk of image quality is 
illustrated by the typical technician's answer to the question "What is 
meant by latitude?" = when most would say "That's how much a mistake I 

can make in my choice of x-ray factors", No one =- except the radiologist - 
builds this variable into a discussion of image quality, The radiologist, 
however, has learned to cope with slightly under- or slightly over-exposed 
films, and sometimes grossly under=- or over-exposed films, and still get 
something out of them, 


I think anyone interested in this field should read the December 
1969 issue of the Radiologic Clinics of North America (Vol, VII, No, 3), 
entitled "Ferception of the Roentgen Image", as a starting point, We 
at Temple have done quite a bit of image processing work, but we found 
that we could not accentuate certain parts of radiographs to make 
diagnosis easier until we knew what parts of the radiograph really meant 
something important to the radiologist, and that we could not find out 
by asking - they don't know either, So this leads us to eye-motion 
studies to try to find some answers, and now we are into psychophysics - 
finding perhaps more questions as yet than answers, 


stanton: You asked how does a radiologist read a radiograph, and I think 
the answer is ~- rather poorly, Garland and others have shown that even 
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experienced radiologists miss some 25-30% of positive findings in chest 
films in addition to possible over-reading, There may be some vital 
wayS we can contribute to this problem - one possibility is by working 
with them to take different views that will reveal more information, 

I don't think it is a matter of more detail - there is more disconcerting 
and misleading detail in a chest film than you can shake a stick at, 
they are just drowned in it, The quality of an image from a physical 
point of view, i.e. the rendition of the information that is there in 
fine detail, with good and accurate representation of the radiographic 
opacities - that is not what we are really after, What we are after, 
in terms of image quality, is the image that is most helpful in giving 
the diagnostic information, This will mean having a certain initiative 
and originality about the angle at which one exposes the patient, using 
techniques like tomography, zonography, floating table tops to position 
the patient with greater ease - things that I think are often lost in 
the shuffle but are often vital for progress in this field, 


Bates: Is the problem not that the radiologist is used to looking at a 
certain level of image that he considers adequate and he will recognize 
films of quality less than that but has no concept of what could be a 
higher quality film? I recall a discussion as to whether a grid should 
be removed from in front of an intensifier, and the fact that it would 
result in a poorer picture was well recognized; similarly it was recognized 
that detail was worsened if it had to be remote from the film, because 
the patient could not be turned to reduce object-film distance - so in 
both cases they were used to a certain quality, recognized, and were 
concerned when the quality was worse, but there is no concept of what 

it could be, 


Wrights: Isn't this part of the problem that people working in image 
processing come up against, whether for scans or radiographs? Images 
are being produced that are so unfamiliar, that if you try some objective 
test, and come out with the result that accuracy of diagnosis with the 
processed image is as good as with the unprocessed image, then presumably 
you are really ahead of the game - as with learning, and more familiarity 
with this sort of image, the results should improve, This may be a 
reason why some departments do little tomography - they have not learnt 
to understand the unfamiliar images, 


Fields: Are we not in a similar position to that where Brucer was 15-20 
years ago, when he sent out his phantom to try to straighten out the 
thyroid uptake field, where there were 300% variations, It might be 
possible to come up with a standard phantom - something like an Alderson 
radiographic phantom - radiograph it with a series of techniques and 

Send the radiographs to a cross section of radiologists, If a deliberate 
artefact were incorporated then the results of reading these films 

could possibly give some insight on how the radiologists read filn, 


Wrights: We have a technique, at Temple, of photographically putting a 
coin lesion wherever we wish on a normal chest film, and we have found 
this a very good test object for our eye motion studies, With any of 
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this type of study it is essential to give the radiologist an image that 
is very close to what he is used to seeing - the Alderson phantom with 
its horizontal slices is not close enough, 


Rossmanns What type of test object did you have in mind? 


Field: To start with, the chest, This might tie in with Lusted’s 
computerized chest film reading progran, It might even be possible to 

use a live subject and make a series of films with widely different 
techniques that are sent around, or even send the subject, so that the 
radiologist can use his own technique, If the radiologist were to find 

his own technique less good, this might be a valuable test - it worked 

for the thyroid case and Dolores (this was the name of Brucer's phantom - Ed,) 


Wright: It is relevant to make the point that the 30% error in detecting 
positive films that has been referred to this week is not out of line 
with that of other specialities, Departments doing tests, such as 
haematology, have been shown to have similar false negative results - 

it is a genera] problem in perception, not confined to radiology, 


Stanton: That 30% figure was for three of the finest radiologists in 
the country who were men of sufficient distinction that they were willing 
to put their reputations on the line, I think the question is far more 
complicated than Dolores and the thyroid uptake, There you have a 
simple ratio that you are attempting to obtain; here it is a question 

of perception and correlation of signs and recognition of patterns, 


Rossmann: You might be interested in some psychophysical experiments 
we are doing, A student of mine is projecting a gallstone-like signal 
on noisy flash radiographs - he has a series of many noisy backgrounds 
and from behind he projects a small coin lesion, We look at these and 
he plots performance curves, I looked at these recently, and as they 
were some distance away I automatically looked through the top of my 
bifocal, and got a certain curve - then, by chance, I looked through 

the lower part of the bifocals and realized I could see the noise, all 
the high frequency stuff, We ran another series then through the lower 
part of the bifocal and my performance improved because apparently the 
signal/noise ratio had increased, My eyes saw higher signal contrast, 
and now the fine, high-frequency noise did not disturb the visibility of 
this thing very much, Through the upper part of my bifocals my perform- 
ance was similar to everyone else except our chief of diagnosis - the 
man with excellent eyes - and his was similar to mine through the lower 
part of my bifocals and both of us were now way out ahead of the others, 
50 how do you crank this into your equation? 


Wright: If you look at eye motion patterns of radiologists viewing chest 
films it is very difficult to analyse the data, Some go from side to 
Side, others around in circles, but if you compare the same radiologist 
looking at the same radiograph at different times, the pattern can differ, 
There was some work done with medical students who were trained to read 

a radiograph by following a scanning raster pattern = they gave a worse 
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result when their search pattern was deliberately structured. We 
found that perhaps 302 of the area of the film, excluding the heart 
shadow, is just not included in the fixation areas. Tuddenham, in an 
article in Radiology 78:693-704(1962) has some excellent examples of 
this. 


Q.: About the chest films, were they agreed to be excellent quality - 
because not all radiologists would agree? 


Wright: We tried to pick a series of normals that were accepted by 
everyone both as reasonable film and as being normal. A slight 
problem one gets into is that after a while the observers get to recog- 
nize the films by some diagnostically unimportant feature - like a 

deck of marked cards - so they remembered their previous responses. 

In the real case other factors will influence the diagnostician - 
patients’ history, who is the referring physician (if it is a radio- 
therapist, perhaps metastases are suspected), and so on. 


Bates: It's easier to look in a field for something when you know 
what to look for. 


Stanton: This reminds me of some studies done in mammography. The 
classic study, by Egan (1,000 patients), was done at the M.D. Anderson 
Hospital and Tumor Institute, a cancer hospital, where there was a 
higher probability that people would come there with that problem than 
you would find in a general hospital, so this study gave a higher 
yiéld with this modality than it would yield elsewhere. This ties in 
with the whole idea of seeing what you excpect to see. 
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ELECTRONIC IMAGING DEVICES I. 


E. W. Webster, Ph.D. 


Department of Radiology 
Massachusetts General Hospital 
Boston, Massachusetts 


1. Reasons for Image Intensification Systems, 


Eye Performance. 


The story o* image intensification in radiology goes back to 
1941 when W,E.,Chamberluin, Professor of Radiology at Temple University 
Hospital, Philadelphia, yuo-e the Carman lecture before the Radiglogical 
Society of North America, This paper, published in Radiology , 
should be required reading for anyone interested in this field, It 
has continuing value to the present day, Chamberlain's case for an 
image intensifier was made on optical grounds <= on the performance 
limitations of the eye, 


Fig. 1 shows light levels in radiologic systems compared with 
other situations, The unit is the millilambert--- today we would 
probably use the footelambert, but they are practically the same, 

The size of this brightness unit can be appreciated by noting that 

590 mL is the brightness of white paper under a reading lamp, while a 
conventional, unintensified fluoroscopic screen receiving about 3 
R/min in air would have a brightness of about 0.1 mL, Under this 
condition the eye is using cone vision which is more perceptive of 
detail and of color than rod vision, At reduced brightness levels 
the cones stop responding, and after a period of dark adaptation the 
rods take over the visual process, With further adaptation,rod vision 
continues perception as brightness decreases several orders of magnitude. 
With a patient 18 cin thick in the beam, the brightness of the conven- 
tional fluoroscopic screen is about 0,001 mL, below the threshold for 
photopic (cone) vision and into the region of scotopic (rod) vision, 


In the 1920s Hecht investigated the detail perceptibility of 
the eye in both photopic and scotopic ranges, and his results are 
Still accepted today, As shown in Fig, 2, detail perception can be 
discussed in terms of visual acuity (the angle subtended at the eye 
between lines in space) or in terms of the distance between lines 
at, say, 5" viewing distance, a simpler concept, As the light level 
increases, the distance between lines which can be perceived becomes 
Steadily smaller, At 0,001 ml (conventional fluoroscopy) line 
spacings of 0,5 mm can just be perceived, but for cone vision at 10 
mL (a light level 10,000 times higher) ttné  specings down to 0,05 
mm can be perceived, 
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On this basis Chamberlain concluded that a brightness gain of 
the order of 10,000 times was needed eo that cone vision could be 
used to perceive all the detail he thought was in the fluoroscopic 
picture, It was not too many years later that it was realized that 
the finest detail was not actually there on the screen, as we shall 
see later, Fortunately at that time engineers were working on the 
problem of producing image intensifiers, A tribute is due to Irving 
Langmuir of the General Electric Company who, in 1939 took out the 
first patent for an image intensifier, This was prior to Chamberlain's 
discussion and certainly influenced him, 


The Effect of Quantum Statistics on Image Quality, 


The second argument for image intensification depends on the 
quantum statistics of image formation, the broad points of which will 
be treated in an elementary way, Th3§ topic goes back to Rose whose 
original work was publish¢d in 1948 $ a very readable review was suo, 
published later in 1957 - Basically the problem he studied was to 
determine under what conditions the eye could identify a random dot 
pattern -- the image == in a background of random dots, If the image 
has a dot density of N, per unit area and the background density is 
N, , then under what conditions will N, be perceived as a discrete 
image relative to the background? This is basically a statistical 
question since the dots are randomly distributed in time and space, 
with the average number N, and the average number N. for an equal area 
being Poisson distributed variables, The eye-brain system must decide 
if N, is greater or less than N. . This decision will become more 
difficult as the difference decreases and as the random variations in 
dot density increase, Rose formalized these ideas into a criterion for 
threshold perceptibility, namely: 


Me ae k YN, 


where JN is the standard deviation of N,, Strictly both the standard 
deviation of N, and N. should be included, but these may be equated when 
Ny eaoroeamately equate Noe If we now define contrast as 


C= (N, - No)/ Ny 


and substitute in this definition the Rose criterion, the minimum 
detectible contrast Ce is given by 


c= k/JQN, 
oturm and Morgan '4) applied this criterion to the analysis of 
radiological imaging systems using the following approach, Assume that 
@ fluoroscopic system is irradiated with a certain photon density N 
per cm sec of monochromatic x rays, The number of photons inciden 
per second on a small detail of diameter d will be No (7d /4). We 


must also consider that the eyeebrain system is integrating information 
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over a period of time (analogous to the exposure time for a film), 

The eye behaves somewhat as a memoryescope of defined storage time, 
information coming in and information dropping out at the back, as it 
were, The usual value assumed for the integration or storage time of 
the eye=brain system is 0,2 seconds, The gumber of photons incident on 
the detail in this time will be 0,2 Nfd /4, Substituting this for 

N in the earlier expression for Cc. we can derive the following 


relationship: 
Cid = 253k /JN 


where C_ is the minimum perceptible congrast in per cent and d is 
the diameter of a circular detail in cm, 


This relation shows that under quantum-limited conditions, 
when the exposure rate at the detector is constant, the minimum percep- 
tible contrast falls as the detail size increases, Detail perceptibility 
will improve as the exposure rate increases according to the square root 
of the exposure rate, 


Rose suggested that a value of 5 should be assigned to k, Others (5) 
have suggested values from 3 to 5, A recent paper by Sharma and Fowler 
discusses this for scanning systems in nuclear medicine where the 
problem is detection of small increases or decreases of radioactivity 
in a medium containing a background of radioactivity, 


S90 far we have considered only the xeray receptor, In most systems 
there are several stages at which noise (random variation) is contrib- 
uted, The figure below shows schematically the flow of information 
through an amplifying system from the stage of xeray detection of Q, 
photons, 


Stage l Stage 2 Stage 3 
Signal ————_> ie 
9) 92 
a 99579) 91929, =92 


The number of quanta involved at each stage is related to the 
previous stage by a gain factor g, which may be greater or less than 
unity. Thus in the second stage we have 9,4 quanta , and in the third 
stage 9,959. - However the random noise in the first stage would be 


Oo which is also amplified and added to the second stage, where an 
additional component of noise will be added, and so on, The components 
Of signal and noise are tabulated below: 
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If we now look at the third stage, the total or root mean square 
(r.m.s.) noise can be written as: 


: 2 
Total noise = 91 92 Q, + 95 9,9, + 94959, 


= 9195 [a, ( 1 + 1 + 1 ) 
91 9590 


The innermost term is an overall modifying term consisting of the gain 
factors, The signal at stage 3 is 91959, and the signal/noise ratio is 


S/N = v¥% 


——=m =e com aD 7 
wes 








fot ce loa 
l+— + 
9) 999 


From this it can be seen that the noise in the first stage is very 
important and is dominant if g, and g. are considerably greater than 
unity. The first stage will then control the quantum statistics and 
the signal/noise ratio, However, if the product g 95 is not greater 
than unity, one of the other stages will have a minimum quantum level 
and control the S/N ratio, In most intensifier systems the aim is to 
Provide higher quantum densities in the later stages than in the 
initial xeray detection stage, since only if this is true will the 
information in the x-ray beam be the least obscured by random noise, 


With this warning in mind we can now consider the differences in 
photon statistics between a conventional fluoroscope and a simple 
intensifier system « Consider a conventional fluoroscope operating at 
65 kVp, 4 mA with a table-top exposure rate of 5 R/minute (a usuel 
valoe), Under these circumstances the, number ie flowing per cm 
of beam per roentgen is No =z 170 x 10° ( Johns ), assuming an effective 
Photon energy of 35 keV. We shall consider the number of photons that 
pass through a 2 mm detail in a patient, reach the screen and produce 
visible light photons that are perceived by the eye, 


Number of photons incident on 
detail in storage time of the 


i zs 9 x 10° 


(i,e. at the rate of 5R/min for a time of 0,2 sec or 1/300 min). 


=s 170 x 10° x 5x 1 x detail area 
300 


Number of photons Peeenang 


4 
detector (assuming 1% transmission) = 9 x 10 


Number of photons absorbed by screen 
(assuming thick screen with 30% 
absorption) 


27,000 


Number of visible photons produced 
(assuming 1500 light photons of 3 eV 
energy per absorbed x-ray photon) = 40x 10 
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Number of visible photons entering 

eye (assuming viewing at 10" with a 
darkeadapted pupil of 8 mm diameter 

-- a reduction factor of 15,000) = 2700 


Number of protons reaching the 
retina (assuming utilization in 
the eye is 1/7) = 390 


Morgan‘) has published an excellent article on eye performance and its 
effect on the flow of information, using data obtained by eye physiologists, 
He assumed that 50% of the photons incident on the eye were absorbed by 

the aqueous material in the eye and 30% of those striking the rods were 
absorbed to give one neural impulse eachs thus about 1/7 of the photons 
incident on the eye would give rise to a retinal response, 


The standard deviation of the minimum number of active quanta in 
this series of stages is /390 or about 20, This produces a fluctuation 
contrast of about 5%, Hence, using Rose's criterion, the minimum percept- 
ible contrast is estimated as 25%, 


A similar calculation can be made for an image intensifier, As 
before we shall consider the same beap and patient, The number of photons 
at the detector will again be 9x10, 


Number of photons absorbed by screen 
(assuming that the screen is only 20% 
efficient since it is thinner than 


the conventional screen) 18,000 


Number of visible light photons 
produced (again assuming 1500 light 6 
photons per x-ray photon) 27 x 10 


Number of photoelectrons emitted 
(assuming overall photocathode S 
efficiency of 10%) 27 x 10 


Number of visible light photons at 
Output screen (assuming electrons 
are accelerated by 25 kV and each 
produces 1500 green photons of 2,5 
eV energy) = 40x 10 


The flux gain of the intensifier in this example is 40 x 10°/ 27 x 10 
or 150, 


8 
6 
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Number of photons reaching the 

retina (assuming a reduction factor 

of 1/400,000 and a utilization 

factor of 1/7) = 1400 


With an image intensifier viewed through an optical system the optic- 
al path length is much greater than the 10" assumed in the conventional 
case. In addition, since the light levels are much higher the pupil 
aperture will contract to perhaps 4 mm, These two effects lead to the 
reduction factor of 1/400,000, The utilization factor at the retina is 1/7. 


Again using Rose's criterion, the minimum perceptible contrast is 


5 ,/1400/1400 x 100% = 13%, 


The above differences between a conventional and an intensified 
fluoroscopic system are illustrated graphically in Fig. 3 


Whether or not the retina provides the statistical limit depends on 
the efficiency of optical coupling of the output screen to the eye or 
other image detector, A much higher photon level is conveyed to a TV or 
movie camera, If the sink is shifted to the input screen in this example, 
the minimum number of photons in the chain is 18,000, The minimum 
perceptible contrast would then be about 4% and the system would be about 
6 times better than the conventional system in terms of ability to 
present contrast, 


Improvement in Contrast and Detail Performance, 


A third reason for the use of image intensifiers. is the purely 
pragmatic reason that such systems live up to their promise and the 
expected gain in detail and contrast perceptibility is in fact realized, 
The graphs in Fig. 4 show the improved performance of aeee using an 
image intensifier compared with a conventional f luoroscope $9) 


2. Experimental Investigations of Image Intensifiers, 


Several different types of objects have been used to investigate 
the contrast and detail performance of image intensifier systems, Fig. 
3 shows two examples, One type consists of a number of foils yooeannane 
@ range of hole sizes with dot markers to guide the observer (9 The 
contrast varies widely, from about 3% at one end up to 60 or 70% 
depending on xeray quality at the other end, The observer is set the 
task of perceiving the hole or hole pattern and reporting its locetion 
relative to the marker, The other test object shown is due to Hay 
and maintains a uniform background transmission, Opaque dots with a 
range of size and contrast are mounted on a translucent background and 
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are observed to determine where the limits of perception lie, 
Results of Contrast-Detail Studies, 


Figure 4 illustrates some of the results of these investigations, 

The test object was observed using a conventional fluoroscope operated 
et 90 kVp and 3.5 mA with a 25 cm thickness of MixeD wax in the beam, 
Tests were repeated with an image intensifier and various readout systems, 
Using intensification there was a performance gain by a factor of 3 
either as contrast perception improvement or as detail perception 
improvement, For the fluoroscope to rival the intensified system, the 
exposure rate would theoretically have to increase by a factor of 93 or 
conversely, reducing the exposure rate by a factor of 9 on the intensified 
system would result in about the same performance as with the conventional 
fluoroscope, In practice, many operators prefer to maintain an exposure 
rate with intensification similar to that used in conventional fluoroscopy, 
taking the benefits of intensification in terms of improved contrast and 
detail perception, The possibility of patient dose reduction is another 
reason for the use of intensifiers, but it is naive to suggest that the 
dose reduction factor can be of the same order as the brightness gain of 
the system. If information density is to be maintained, dose can be 
reduced only by a relatively small factor, 


3. Electron-Optical Intensifier Systems, 


# 

The original image intensifier of Irving Langmuir, built in 1939, 
was a 1:1 (unity magnification) system shown schematically in Fig. 6. 
Light from a fluorescent screen impinging on a proximal photocathode expelled 
photoelectrons that were projected through an electron-optical lens and 
focussed on the output phosphor, This was the genesis of a large array 
of light intensifiers as well as xeray intensifiers, a diagram of which 
is shown in Fig, 7. 


The x rays fall on a fluorescent screenwhich is somewhat thinner 
than a conventional fluoroscopic screen, thus reducing the screen 
blur, and produce photoelectrons from the adjacent photocathode which 
are then focussed to form a minified image, A typical unit has a 9" 
diameter input image and a 1" diameter output image, the linear reduction 
of 9 itself resulting in a brightness gain of 81. The acceleration of 
the electrons through about 25 kV gives a further gain of about 60 so that 
the overall gain of the system can be about 5000, Such a system is quite 
limited in resolution capability as indicated in Fig, 8. This shows a 
comparison of the modulation transfer functions -=- the capacity for 
handling spatial information of different frequencies in line-pairs per 
mm, ~-- for several types of imaging system. The data has been 
normalized to the input image size, almost to the true anatomic size of 
the patient. The image intensifier in common use today does not reprod- 
uce frequencies greater than about 2 line-pairs / mm, a performance not 
much better than that of the conventional fluoroscope and considerably 


* Irving Langmuir, U.S, Patent 2,198,479, April 23 1940 
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Figure 7: Diagram of electron-optical type of image 
intensifier tube. 
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worse than that of even the high-speed screens used in radiography. 


The resolution limits of the intensifier are contributed by each 
of its several stages, The MTFs of each stage are shown in Fig. 9 for 
a Japanese design. From these data it is evident that the overall MTF 
is not greatly affected by the glass between the input screen and the 
photocathode; slightly more so by the electron-optical (electrostatic) 
lens3; and most heavily affected by the output and input screens, The 
Overall MTF of the complete system is the result of multiplying together 
the MTFs of the component stages, The question arises as to which of the 
two screens limits the resolution the most, The answer depends on the 
minification factor employed: with large minifications the output screen 
provides the major limit; (of) moderate minifications e.g. /:1, the input 
screen is usually limiting e In Fig, 10 the cut-off frequency in 
line-pairs/mm is plotted as a function of the output screen diaygyer in 
millimeters for a light amplifier and for an xeray intensifier, As 
the output diameter is increased from 18 to 38 mm (minification changing 
from 12,5 to 6,3), the resolution increases very slowly. Without the 
input screen, when the device is simply a light amplifier, the resolution 
is much higher. Thus, in this particular intensifier, it is concluded 
that the input screen is the dominant factor in limiting resolution, 


The absorption efficiency of the x-ray screen, 


Since, as we have seen, the front screen of the image intensifier 
frequently limits resolution and may control the signal/noise ratio, the 
most important advances in design hinge largely on improved physical 
properties of this screen, Early fluoroscopic screens utilized zinc 
sulfide screens up to 0.3 mm thick, The variation of xeray energy 
absorption with photon energy is shown in Fig, 11. The absorption of 
ZnS falls off rapidly with increasing energy and is relatively low for 
typical xeray beams after passing through the body in a fluoroscopic 
examination. Zinc cadmium sulfide provides a substantial improvement 
for a given screen thickness ( a factor of about 2) due to the K edge 
of cadmium at 27 keV, If it were possible to operate a fluoroscope with 
@ monochromatic beam of x rays with photon energy above 70 keV, an 
excellent input phosphor would be calcium tungstate, Cesium iodide is 
@ particularly good xeray absorber since both cesium and iodine have & 
edges strategically placed below most of the fluoroscopic xeray spectrum, 
Fig. 12 shows the improvement afforded by CsI over ZnCdS, particularly 
when the vacuum deposition process is used instead of employing a powder 
Screen (bulk density 1,0 instead of 0,5). The higher quantum efficiency 
permits thinner screens to be used enhancing the resolution capabilities, 
Fig, 13 shows the MTF for a new CsI sixeinch intensifier compared with 
a tube of the earlier generation; the resolution limit has peep greece 
substantially to 4 line=pairs/mm at the 4% amplitude response, °! 
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4, Other Kinds of X-ray Image Intensifier, 


One of the disadvantages of the electron-eoptical type of image 
intensifier is the restriction to smell xeray fields, usually not 
greater than 9" in diameter at the input screen, This poses some 
limitations in fluoroscopy, for instance in chest examinations, but it 
effectively excludes the intensifier from most radiographic examinetions. 
Intensification can be achieved with large field sizes by coupling a 
large fluorescent screen to an optical system which focusses the light 
on to a small surface which may be the photocathode of a light intensifier 
or the input detector of a TV camera, Little work has yet been done on 
radiographic systems using this principle, but several fluoroscopic 
systems have been marketed, 


Direct-Coupled Television Systems, 


Image intensification has been achieved by coupling an image 
orthicon television camera through very fast optics to a large fluoroscopic 
screen, Systems of this type are the Bendix Lumicon marketed during the 
late nineteen-Tif ties, and based on the JohnseHopkins intensifier developed 

by Morgan and Sturm » and the Marconi system developed in England ° 
The Marconi system is illustrated in Fig, 14 which shows the large screen, 
mirror optics and larger than normal (44 inch diameter) image orthicon, 

A disadvantage of this system is that the only output is to a TV kinescope, 
so that for cine work it is necessary to photograph the kinescopic screen, 
Generally speaking more detail is available to a cine camera when coupled 
to the output phosphor of an image intensifier tube than when coupled 

to a television system (see later), 


A system with an xerayesensitive television camera which provided 
a single stage conversion from xerays to a video output is shown in Fig. 
15, The General Electric Company in the late 1950s designed and test 
marketed a 10" diameter vidicon with three oxide photoconductive target 
directly sensitive to x rays, the Tvx!! he manufacture of such large 
diameter photoconductors of acceptable uniformity was very difficult, and 
moreover, the tubes were relatively "sticky", Stickiness means that the 
image is retained for an undue time so that a moving object leaves a 
gradually fading trail which interferes with detail perception, 


Light Intensifier Systems, 


Commercially available systems employing light intensifiers are 
the Cinelix and the updated version the Delcalix systems manufactured 
by Die Oude Delft Company. In the Cinelix system (Fig. 16), x rays are 
absorbed by a large fluoroscopic screen, light from the screen is 
focussed through a fast mirror optic to a small light intensifier, and 
the intensified output is coupled either to a movie camera, an image 
orthicon camera or to a direct viewing system, None of these large systems 
1s used for radiography. 
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Recently, multistage light intensifiers with very high gain and 
high resolution have become available, If a 1:1 system (without minifi- 
cation has a single-stage flux gain of 50, a 3estage system can have a 
gsin approaching 125,000, Resolution greater than 30 line-pairs/mm is 
available and this suggests that use in intensified radiographic systems 
is feasible, For this application intensifiers with sufficiently great 
diameters must be employed, For example, tubes witht" input and output 
phosphors ere available for less than $2000 (Baker ). but since the 
resolution is 25 line=pairs/mm and the diameter is only 25 mm,, the total 
resolution at the output is 625 line=pairs, While this is greater than 
the resolution usually available in a television system, it is considerably 
less than that of large film/screen systems used in conventional radiog- 
raphy. Larger tubes with 34" phosphors also with 25 line-pairs/mm 
resolution are available and with these the high overall resolving 
capacity of 85 mm x 25 lp/mm.= 2125 lineepairs is possible, Therefore 
use of such intensifiers for radiography appears feasible, 


The basic idea for a radiographic system using a light intensifier 
has developed from photofluorographic units used for mass x-ray surveys, 
In the latter system (Fig, 17), a fluorescent screen is coupled by a 
fast optical system to the receptor, a 70 mm or 100 mm film, The optics 
are of the Bouwers/Schmidt type employing large concave mirrors and a 
specially corrected lens with an overall aperture of about f/0.65, Such 
optics are several times more efficient than lens optics, Nevertheless 
the statistics of such a system, its resolution and its sensitivity are 
all poorer than are obtained with a screen/film cassette recorder, 


Fig, 18 shows the statistics of the system, From one x-ray absorbed 
in the fluorescent screen we assume 1500 light photons will escape, The 
mirror optics demagnifies the image by a factor of 4,4 (15,6 inches to 
90 mm on the film), The fraction of light photons gathered is given by 
the formula: 


Efficiency = 


/ > PTS aan = 


4 (M41)% 42 








where T is optical transmission factor (assumed 0,8), f is the f-number, 
and M is the demagnificatiog, With the values given the efficiency is 
1.6%, It is also assumed that 200 light photons are needed to produce 
one developable grain in the film, Thus 24 light photons will strike the 
film producing 0,12 grainsy The quantum sink is at the film, A light 
intensifier inserted into the system may lift the quantum sink back to 
the xeray screen, greatly reducing the system noise, and increasing its 
Sensitivity. 


Such a system was attempted by Catchpore 2”) in London in 1962 and 
is illustrated in Fig. 19.a, A 2 cm diameter multistage light intensifier 
with gain about 100,000 was coupled to an 8 cm diameter screen with an 
f/l1 lens. A second lens was used to couple the intensifier output to the 
recording system, The above formula indicates a light collection 
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Figure 18: Quantum levels in different stages of image conversion: 
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II. Photofluorographic system with light intensifier 
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efficiency of 0.8%. The efficiency of the second lens was 4%, Assuming 
again that 1500 light photons are released per x-ray photon absorbed, 

the statistics are as follows: 12 light photons incident on intensifier; 
1,2 photoelectrons released (10% efficiency); 12 x 10° light photons 
released (flux gain 100,000); 48,000 photons reaching films; 240 photo- 
graphic grains produced, The principal problem with this system is the 
restricted size of the input screen, Secondarily, the level of photo- 
electrons released is so low that this stage will contribute to the 
noise, 


(17), 


A similar system assembled by Baker et al is shown in Fig. 19.b., 
In this case a 14" screen is coupled to a 1.5 inch diameter intensifier 
through an f/1 lens, The demagnification factor is about 10, and this 
reduces the light collection efficiency to only 0.2%, Because of this 
low figure, the quantum sink lies at the photocathode; an analysis 
Similar to those above shows that 1 xeray photon absorbed will produce 
0,3 photoelectrons, In addition to being very noisy, this system does 
not have the resolution capability for radiography as discussed earlier, 


and indeed it was used only with a television camera for fluoroscopic 
trials, 


Fig. 20 illustrates one way in which a large screen could be used 
for image input and remain as the photon sink 2 In this case a 14" 
Screen is coupled by efficient Bouwers/Schmidt optics to a 3estage light 
amplifier commercially available with 34 inch input and output diameters 
and a gain of 140,000, The output of this amplifier is obtainable with a 
fiber optic which can be coupled directly to 70 mm or 100 mm film. With 
this system the output resolution of the light amplifier of 25 line=pairs 
per mm. is normalized to about 6 line-pairs/mm at the large input screen, 
Such a system, particularly if employing a thin efficient screen of, for 
example, cesium iodide, could rival the conventional film/screen 
combination for radiography with the advantages of smallefilm recording, 
Providing benefits in economy, storage and retrieval, The statistics 
in comparison with the photofluorographic unintensified system are 
shown in Fig. 18, The gain of the light amplifier greatly increases the 
System sensitivity. To maintain image quality comparable to that of 
normal radipgraphy, less amplifier gain would be preferable, 


Solid State Systems, 


Three kinds of solid state phenomena have been exploited to achieve 
image intensification, These are illustrated in Fig, 2la,b and c. If a 
photoconductive material (e.g. CdS) is irradiated by light or x reys, a 
Current will flow when a potential difference is provided, If an electric 
field is applied across a crystalline electroluminescent material (e.g. 
ZnS) it will produce light. A third principle is photo-electroluminescence 
“= a combination of the other two principles -- in which the emission of 
light occurs only when an electroluminescent crystal is excited by photons, 
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Fig. 22 illustrates a practical system developed for industrial 
use consisting of a layer of photoconductive material (PC) with a layer 
of electroluminescent material (EL), Conducting electrodes are applied 
on each side of the sandwich and across the whole an alternating electric 
field is applied, In the absence of radiation, the PC layer is insulating 
and all the voltage will be across it, When x rays strike a particular 
spot, a lower resistance is developed in the PC layer -= a leakage path 
-- and therefore the voltage across the adjacent EL element will increase 
Causing it to produce light, Essentially there are two resistances in 
series and therefore when the voltage across the PC layer decreases, the 
voltage across the EL layer increases and more light is emitted, 


Such a system is marketed in England by Thorn Electrical Industries 
and in the U.S.A. by Westinghouse, Light amplification by factors of 
about 50 relative to a CBe2 fluoroscopic screen are realized, Therefore 
the output is observed with cone vision, Images also have high contrast 
(gamma from 2 to 6), Unfortunately these systems suffer from lag and 
insensitivity. 

F; Sic sea (21) 
ig. 23 shows the response time of the device shown in Fig. 22, 
that is, the growth of light output as a function of the time of 
excitation in an x-ray beam, With 50 mR/min at the detector, the period 
required for maximum brightness is several hundred seconds, The rise 
time is much shorter for greater exposure rates; a rise time-constant 

of 1,0 seconds and a decay time-coggtant of 0,1 seconds have been reported 
for an exposure rate of 10 R/min, Even 50 mR/min at the detector is 
too high an exposure rate for medical applications so that, although 
useful for non-destructive testing, these systems ere at present useless 
in medicine, 


Channel Electron Multipliers, 


Both the solid state amplifier and the microchannel plete are 
intensifiers which can be fabricated into flat plates for viewing in 
Subdued lights they present a potential alternative to the massive 
intensification devices in use today, The microchannel plate consists 
of a glass matrix of narrow evacuated channels of the order of 1 mm long 
and 10 microns in diameter, Each channel acts as an electron multiplier 
in much the same way as a photomultiplier tube, Electrons entering a 
Channel experience an accelerating voltage of a few kilovolts, Electrons 
Striking the sides of the channel are multiplied by secondary electron 
emission and the amplification factor may be as high as 10. For use in 
an xeray image intensifier, the MCP may be sandwiched as shown in Fig,24 
between an input surface consisting of a fluorescent screen and a photoe= 
cathode, and an output surface consisting of another fluorescent screen, 
The MCP simply substitutes for the electron optics of the conventional 
intensifier, Light quantum gains exceeding 100,000 have been produced, 
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Figure 24: X-ray image intensifier incorporating 
channel electron multiplier (schematic). 
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Figure 25: Diagram of a scanning X-ray system, 
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Resolution is primarily determined by the input screen, An intensifier 
with useful diameter of about 5 inches apd a limiting resolution of 4 
line-pairs/mm has been recently described, The gain is sufficient for 
viewing in subdued light (brightness 8 mL) with an input exposure rate 
of 8 mR/min which is adequately low for medical purposes, To date 

a large screen intensifier has not been manufactured, 


X-Ray scanning Jystems, 


(SzFey scanning sypsens have been investigated in detail by both 
Moon and Greatorex and in both cases the systems were abandoned, 
Such systems constitute radiographic intensifiers of great sensitivity, 
that is, with very low dose capabilities. Xeray scanning systems are 
now in use for inspection purposes but the image quality available is 
inadequate for medical purposes, 


The basic idea is to scan a narrow beam of x rays in a raster over 
the subject. The detector could be a large planar scintillation crystal, 
Alternatively, the beam may be scanned in one direction only (e.g. 
repetitively from top to bottom), the detector being then long and narrow, 
while coverage in the other direction (e.g. left to right)is provided 
by translation of the subject. For es radiographic technique large area 
coverage is needed, but this poses no speciel problems, The scanning 
process, as will be seen, is necessarily slow and will take several 
seconds to complete, 


The advantages of such a system are threefold: 

1, it is possible to absorb the transmitted information completely in 
the detector, | 

2. Since a very narrow beam is used -= and particularly if a narrow 
detector is used == there will be a reduction of scattered radiation 
contributing to the image, Pulse height analysis techniques will 
allow some discrimination against scatter if the photon flux is not 
so great as to cause pile-up, 

3. The resolution of the image will depend on the size of the scanning 
beam, 


Unfortunately, the disadvantages of a scanning system are also 
impressive, The principal disadvantage is the photon limitation of 
the system necessarily introduced by the aperture defining the beam, 
If we assume that resolution of a 90.1 mm detail is needed (i.e, 5 linee 
pairs/mm), there are about 15 x 10 such detail elements in a 14" x 17" 
image. Contrast perception depends on the number of photons detected 
per image element, To obtain similar contrast perception in scanning 
and in ordinary radipgraphy for the same exposure time, the scanning 
beam must be 15 x 10 times as intense as the normal radiographic beam 
which covers the detector in one simultaneous exposure, Obviously this 
is impossible, An alternative is to use the normal radiographic intensity 
but increase the time to assemble the necessary number of photons over 


~ 
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the entire image by a factor of 15 x 10° @-- also obviously impossible, 
These numbers are exaggerated a little since 100% absorption would give 
a reduction factor of 5, but still ingensity or time would need to be 
increased by a factor of the order 10 , Another disadvantage of the 
system is the need for an extremely wellesmoothed kilovoltage; if this 
is not obtained, the 120 cycles/sec oscillations will graft on to the 
image a modulation due to output ripple, 


To examing) the limitations of the system, an analysis similar to 
that of Moon ‘is presented for chest radiography. In Fig. 25 the 
geometry of the system is diagrammed, with a pinhole of area a xa at 
a distance r, from the target of the xeray tube and the detector at a 
further distance r. from the pinhole. The xeray tube is assumed to be 
operated at 100 kV and 100 mA, An exposure time of 0,1 sec is assumed, 
We shall calculate the skin dose and the number of photons per picture 
element, 


The emission rate of photons from the target will be about 10 
photons per second over a solid angle of 4:3 but the fraction emitted 
that is directed towards the patient will depend on the pinhole size 
and the geometry. 2 


Fraction passing pinhole = = 


aqrr,° 

The image element size will be (r+ r,)a/r, and the greater the distance 
the worse will be the resolution, If we assume r,= 20 cm and r+ tT, 
100 cm., and a = 0,1 mm., then the fraction passing the pinhole will bes: 

(1077)? / 4%T>x 400 = 2x 1078 (i,e, most of the flux is lost), 
107° x o.1 x 2 x 107 

= 2x10! 

For a chest radiograph these photons will cover an area on the skin of 
11" x 11" (or g00 cm’) when the image size is 14" x 14", Hence the number 
of photons /cm incident on the skin will be: 


(2 x 10/) / 800 «= 2,5 x 10° 


The number of photons passing in 0.1 sec 


At 40 keV effective energy the photon flux per roentgen is 203 x 10° 


per cm -R and therefore the skin exposure will be 

(2.5 x 10°) / 203 x 10° = 107° R (approximately) 
It remains to estimate the image quality for this very low exposure of 
one microroentgen at the skin, 
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Now to calculate the number of quanta per picture element we will 
assume that through the mediastinum, the most difficult part of the 
chest to penetrate, we get 1% transmission, Hence the number of quanta 
transnitted 

= (2x10’) x 0.01 = 2x 109 


The number of picture elements can be worked out readily, since the 
0.1 x 0,1 pinhole projects with the 5:1 magnification to 0,5 x 0.5 and 
the total picture area is 14" x 14" or 350 mm x 350 mm, Thus the 
number of photons per picture element 


= (2x 102) / (700x700) = 0,4. 


This result means that we will just get noise for each particular 
resolution element unless we alter some of our parameters, Integrating 
over larger areas, optically, will get more information from the picture 
but to obtain the type of resolution we need the power would need to be 
increased by a rather large factor, Through the lungs there would be 
about 10 times the flux, but that is still not enough, If we change 
the size of the pinhole aperture, doubling it to 0.2 x 0.2 mn, we have 
increased the size of the picture element by a factor of 4, but the number 
of photons per picture element will have increased by 16 (i.e. 42) , SO we 
have more photons and we are integrating over a larger area, Still the 
statistics are not very good; but if we go to an aperture of 0.4 x 0.4 m, 
and accept a.2 mm x 2 mm resolution element, then the skin exposure is 
still only 16f@R, and the photons/element have gone up 256 times, and we 
are beginning to get the chance to see some contrast, This can be 
Summarized as in Figure 26, 


Starting with the same conditions as we did above, with a 0.1 mm 
aperture, the minimum detectable contrast in the chest was 100%, With 
a larger hole, 0,4 mm and assuming k = 3 as in Rose's analysis, the 
minimum contrast perceptible is about 9% through the lungs, but still 
much worse through the mediastinun, For 2 mm picture elements and a 
1 second exposure (instead of 1/10 second) the statistics will be much 
better in terms of resolution, Thus we may conclude generally:if you 
are prepared to take the time, and this is one of the variables that 
you can control, you may obtain acceptable resolution and contrast, 

The lungs, of course, are a particularly favorable situation, since they 
are equivalent to only about 8 or 10 cm of tissue, Through the abdomen, 
or for pelvimetry, the problem is still great, and something radical, 
such as increasing the power of the generator or taking much longer to 
scan, may be the solution, This is an interesting area for investigation 
of what can be done with these very low doses in producing images that 
may have some medical usefulness, 
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Figure 26: Contrast, Resolution and Exposure 
in X = ray Scanning Systen, 


Aperture size, mn O.4x0.1 0.2x0.2 04x04 0O4x0,4 
Picture element, mm 0.5x 0.5 1x1 2x2 2x2 
Skin exposure, pR 1 4 16 160 
Scanning time, sec 0,1 0.1 0.1 1,0 
Photons per picture element: 
Lungs (10% transm.) 4 64 1024 10240 
Mediastinum(1% ") 0.4 6.4 102 1020 


Minimum detectable contrast 
per picture element, % 


Lungs n.p 37% % 3% 
Mediastinum n.p n.p 30% 9% 


(n.p = none perceptible ) 
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3. Output Systems, 
Optical Coupling, 


There are several methods of transferring the output of the image 
intensifier to the eye, The first method is to use a direct optical 
coupling. It is important that the optics are designed for binocular 
vision while minimizing the effective viewing distance between the eye 
and the enlarged image. As has been pointed out earlier, a long viewing 
distance will reduce the number of photons reaching the retina depressing 
the photon sink which is inevitably at that location, 


Fig. 27 shows a simplified optical design which provides a large 
enough aperture in the final image to allow both eyes to be used simul- 
taneously; that is, a binocular system, In practice this means a long 
optical path length and the practical realization of this requires 
folding the path with mirrors, (26) 


Fig. 28 shows a commonly encountered design with the output phosphor, 
the objective lens (usually permanently mounted), 4 mirrors and two other 
lenses, As in Fig. 27 an enlarged virtual image is viewed, (26) 


An alternative, more compact system is provided by coupling either 
a movie camera or a television camera, Again there are special optical 
problems, It is undesirable to use sa simple convex lens between phosphor 
and camera because of the low optical efficiency and lack of convenience, 
Generally it is necessary to reduce the size of the image, typically 
from a 20 mm diameter phosphor image down to 8 to 10 mm for a 16 mm 
film or for a vidicon input. Hence a minification factor of 2 is needed, 
This means that the ratio (phosphor-lens distance) to (lens-film distance) 
must be 2:1, Hence the distance from the phosphor to the lens, from the 
Simple lens formula, must be 3 times the focal length of the lens. A 
consequence of this is that the efficiency of light collection (which 
depends on the square of this distance) will be low, Even with a l:l 
coupling, the distance will be twice the focal length, To improve this 
Situation collimated optics are almost universally used with the output 
phosphor at the focus of one lens and the film at the focus of a second 
lens, The light collection in this case for a given lens diameter and 
focal length will be 9 times greater than in the earlier (2:1) situation, 
The first, or objective, lens is usually fixed permanently in the housing 
of the intensifier, and since it is focussed at infinity it will produce 
€@ parallel beam of light. This arrangement has the further advantages 
that a variety of recording devices can be coupled through other lenses 
€@lso focussed at infinity; snd that a beam splitter or deflector can be 
inserted in the parallel beam (e,g. a rotating mirror) to direct light 
into one or more of the several recording systems simultancously, 
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Lens Matching and Vignetting. 


With collimated optics the choice of the two lenses is critical, 
The ratio of focal lengths will be the magnification of the optics, but 
the diameter of the lenses determines the transmission efficiency and 
the amount of vignetting, 


From Fig. 29 it is evident that light from the ends of the phosphor 
image (object) after passing through the objective lens, will travel at 
a small angle to the lens axis, Some of this light will not be captured 
by the second lens and therefore the edges of the final image will be 
less bright than the center, This noneuniformity is known as vignetting 
and is particularly significant in cineradiography because of the low 
latitude of cine film which results in loss of density at the edge of 
the image, Fig. 29 indicates that vignetting will be minimal when the 
second lens fits inside the hatched zone as shown, and when the lenses 
are as close as possible to each other2%on the other hand, the smaller 
the camera lens diameter, the smaller is the amount of light transferred, 
when a beam splitter is included in the system, the lens spacing is 
appreciable and usually there will be some vignetting, The size of the 
Output phosphor and the size of the final desired image will determine 
the relative focal lengths of the two lenses, The needed separation of 
the lenses and the tolerable degree of vignetting will determine the 
diameter of the second lens and thus its f=number, (The f=-number is the 
focal length divided by the diameter of the lens and therefore decreases 
as the diameter increases for a constant focal length. ) 


Movie Pickeup Lenses, 


Fig, 30 shows the specifications for most efficient lens matching 

in certain situations, In example (a), a 5" intensifier with a 14 mm 
output is to be coupled to a 16 mm film so that the size of the image on 
the film frame is 7 mm, The objective lens is assumed to have a focal 
length of 2" and an aperture of f/1,5, If the second lens is chosen to 
have the same diameter it must have a focal length of 1" and its aperture 
will be f/0.75. This large a lens may not exist and usually f/0.95 
would be chosen, Relative to the f/0.75 lens there would be a light loss 
of (1 = (0,75/0.95)") or about 38%, Coupling to 35 mm film requires an 
f/1,.5 lens of 2" focal length, However, many such cameras have only an 
f/2 lens resulting in a 44% light loss, 


With the 9" intensifier (Fig, 30.b) even larger light losses ere 
incurred, A 4" f/1,5 objective requires a 1,5" f/0,55 camera lens and 
this does not exist, Substituting an f/1 lens involves light losses of 
70% requiring heavier exposure factors, tube loading and patient dose, 
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Figure 29: Vignetting in a two-lens tanden, 
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Figure 30: Lens combinations, intensifier output to cine camera, 
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Factors Affecting Patient Dose in Cineradiography. 


The considerations of these factors should be one of the decisive 
features in the choice of a particular configuration of electronic 
imaging devices, Factors affecting the dose includes 


X-ray factorss kV; filtration; pulsing; patient thickness, 


Speed factors: frame speed; intensifier gain; lens aperture; 
film size; film speed; processing; grids, 


X-ray factors: The choice of kV has to be balanced between the 
need for penetration, and the need for contrast, especially with the 
contrast media currently in use, Typically the kV will be under 
90 kVp, but with more efficient contrast media higher values could be 
used, with more filtration, and consequent reduction in dosage, 
Pulsing (see later) has the potential to cut dose by 50%, 


Speed factors: The dose to the patient will be a linear function 
of frame speed, The intensifier gain must be sufficient to produce 
enough light to expose the film, The effect of film size is quite 
significant and will be considered below, Film speed relates to the 
light requirements and hence to patient exposure, 


35. mm versus 16 mm films For comparison purposes we will assume 
that the camera lenses of the two systems have the same diameter - see 


Figure 30, The f-number for the 35 mm case will be twice that of the 
16 mm case, since the minification required is less, The same amount 
of light would then enter either camera but would be focussed on to a 

4 x larger area in the 35 mm case, resulting in a 4 x less intensity, 
Assuming the same types of film were used in each camera, this would 
imply that the exposure rate to the patient would need to be 4 x greater 
for 35 mm film recording than for 16 mm film, The resolving power of 
the 35 mm would, however, be twice as great, since the image is spread 
Over twice the linear dimensions, However, only if the resolving power 
of the film is the limiting feature will this fact be of any advantage, 
I believe that it is the image intensifier that is at present the 
limiting feature, and not the film, The conventional image intensifier 
can resolve down to 2 line pairs per mm, In a practical situation, a 
9" area of anatomy imaged onto 16 mm film gives an image of about 8 mm 
diameter, a reduction of a factor of 28, If the cine camera is not 

to be the resolution limiter, it must be able to resolve 28 x 2 line 
pairs/mm or 56 lp/mm (since the image intensifier limit is 2 lp/m), 

A good cine camera even with a fast film is easily able to do this. 

Since this is so, there would appear to be no reason to use 35 mm film 
on the grounds of better resolution, There are other factors also 
against the use of 35 mm film —- higher patient exposure, additional 
expense, difficulty of projection (you may need to employ licensed 
Operators!), less ease of storage, Therefore, as a generalization, there 
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4s little advantage to be gained from using 35 mm film, This argument 
will not apply to the new intensifiers with double the resolution limit. 


Pulsing, 


If an x-ray machine is run continuously during a cine sequence, 
since the shutter of the cine camera is open about 50% of the time, 
useful and non-useful exposure is evenly distributed through the period, 
For example at 15 frames per second - a nominal exposure time of 1/30 
sec per frame - there will be 4 useful pulses of radiation recorded 
followed by 4 non-useful pulses of radiation that are not recorded, as 
the shutter is closed, It would obviously be nice to pulse the x-ray 
beam in synchrony with the opening and closing of the shutter, An even 
better scheme, which would give sharper pictures, would be to arrange to 
use short pulses of x-rays and this can be obtained by using a grid 
controlled x-ray tube, The normal current or voltage pulses at 
120 cycles/sec are something like 8 msec, but the resulting normal pulse 
of x-radiation is about 4 msec, Pulsing by a grid can reduce this to 
1 or 2 msec duration at that part of the half-cycle where the voltage 
is close to the peak, Even better, since in 1/30 second there would be 
4 such pulses with the possibility of motion during that time, if a 
Single pulse was used for each frame, as shown in Figure 31, the 
resulting image would be sharper still, As frame rate is changed, of 
course it will be necessary to increase pulse rate, but this will give 
synchronism and maximum image sharpness — as determined by motion, 

This is obtained in practice by tying the x-ray control to the camera 
operating mechanism, and shown schematically in Figure 31, Switching 
signals are generated from the camera and fed to a pulsing and 

timing network, which in turn places pulses of voltage on to the 
focussing cup of the x-ray tube, which acts as a grid to prevent the 
electrons from reaching the anode and generating x-rays until this grid 
voltage goes positive, 


Automatic Brightness Control, 


In cine radiography high contrast film is used, and since the film 
latitude is not very great it is important to maintain image brightness, 
especially when moving from above to below the diaphragm, or from over 
the heart to over the lungs, This necessary change in brightness needs 
a change in exposure and cannot be done effectively by manual control, 
Servo systems are used to control the image brightness in a number of 
ways, 


One method to generate the controlling signal to the x-ray tube is 
by collecting the current that is received by the output phosphor of the 
image intensifier, essentially, A disadvantage of this method is that 
the signal so received will vary with the field size - that is, the 
shutter setting - and so may not be correct wless a constant field size 
is used - rarely a practical situation, Preferably the control signal 
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Figure 31: Pulsing sequences for various cine frame speed, 
using a grid-controlled X -ray tube, 
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Figure 32: Schematic diagram of an automatic brightness control, 
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may be obtained by using a photocell that sees just the central area of 
the output phosphor - the part that is always in use, This is the 
most usual type of control, The signal from the photocell can be 
compared to a reference voltage which is initially set up depending on 
the desired brightness for the type of film and exposing conditions, 
The reference value is a control that can be set by the operator, The 
difference signal (reference - photocell response) is then fed to the 
x-ray control where it usually controls the kV, raising or lowering it 
as required, Alternatively the mA can be the controlled parameter, or 
the exposure time per exposure, through a phase shifting device, 


Figure 32 shows a typical system that senses the electron beam 
variations from the output of the image intensifier, feeds them to a diff- 
erential amplifier circuit with a brightness meter and then sends the 
control signal to a motor driven kV control, 


There is a potential problem and danger with automatic brightness 
controls if the image intensifier loses gain - which it can in several 
ways, Operating under automatic brightness control can result in much 
higher x-ray factors in this case, even as high as 150 kVp, and patient 
exposure can be very high, It is important to measure and record, 
periodically, using a standard phantom arrangement, the operating con- 
ditions on these machines, both during a cine run and during fluoroscopy, 
Another important safeguard is to have an indication of the operating 
factors, kV and mA, near the operator so he can monitor them from where 
he is working, If such meters are on the control panel it is probable 
that the radiologist will not know the values that he is using, 


The results of a series of measurements on one system Over a period 
of time are shown in the following tables 


R / min at table to 





Patient thickness Oct 28 °65 May 24 ! Dec 27 ' 
10 cm 2 3.8 1,1 
15 4, 6,6 2.1 
20 6.7 13.5 4.0 
25 10,6 20,8 6,8 
(new tube) 





The patient was a MixD phantom and the input exposure rates were measured 

by a Victoreen dosemeter, The equipment was set up to the normal cine 
factors at 15 frames per sec on 16 mm Cineflure film, As can be Seen, 

Over a seven-month period with the same tube, the exposure rate for a 

20 cm patient went up by a factor of 2, Later in the year, when a 

new image intensifier tube was installed ,the exposure rates were much 

lower, These results were due to the loss in gain of the original 
tube, (Ed,: See the discussion section for other comments on this problen.) 
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This particular system operated with an output brightness gain 
of about 3,000 x the standard CB2 screen, Newer intensifiers have gains 
around 5-6,000 times, and the exposure rates will be less, 


If the cine radiography were done at 35 mm the exposure values would 
be much higher, while for fluoroscopy it would be set to an automatic 
brightness level resulting in about 2 R/min at the table top - depending 
on patient size, This is a reasonable level, we feel, and, depending on 
the system, and particularly on the efficiency of the input phosphor, 
it should be possible to lower the doses and still maintain the same 
information level, The caesium iodide input phosphor intensifiers should 
aid in reaching this goal, 


Cine versus Kinescope Recording, (24) 


To compare the image quality of kinescopic recording where a TV 
monitor is photographed, to cine recording, a study was done in which a 
number of individuals were tested for their ability to recognize contrast 
and detail on a test object, This is a subjective evaluation, but is 
useful if the same individuals are used for both parts of the experiment, 
Standard deviations, or confidence levels, were obtained for 8 individuals 
who looked at the same runs on both kine and cine, particularly at low 
contrast, and the results are shown in Figure 33, 


As can be seen, most of the diagram is for the contrast levels below 
10%, and there is a very definite separation between the two modes, 
More can be seen by the cine recording and the difference is accentuated 
at the lower contrast levels, 


c) Spot Filming With the Image Intensifier, 


A growing use is being made of 70 and 100 mm single frame cameras 
in order to do radiography with the image intensifier, This has largely 
been pioneered by the Department of Radiology in Lund, Sweden, where they 
have made an Objective study of 70 mm spot films relative to large films 
(144 x 17") for GI work, especially duodenal radiography ,‘* ®) Patients were 
radiographed by both systems and a double blind study carried out with a 
team of radiologists to compare the relative accuracy of the two systems, 
There are three particular advantages with 70 mm films first, the patient 
dose is cut to about 15% of the large film dose; second, it is a more 
economical procedure and third, the storage problem for the films is much 
easier to solve, The result of the study, by Kaude, indicates that there 
is no difference in diagnostic accuracy between the two systems, 


What is true in the abdomen, however, is not true in cerebral angio- 
graphy, where the emphasis is on much smaller detail, and it is generally 
agreed among radiologists that the resolution of the image intensifier is 
not adequate for good cerebral angiographic studies with 70 mm techniques, 
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However, the new line of image intensifiers with the higher resolution 
of 4 line-pairs/mm might make practical other areas of diagnostic radio- 
logy with 70 mm techniques not so much because the dose will be lower, 
but because the economics are in its favor. 


Figure 34: Comparison of 70 mm Films with Conventional Radiographs, 








Type of changes Agree Disagree Total 
Hernia hiatus oesophagi 81 —— 84 
Gastric resection 15 oo 15 
Mucosal changes 16 4 20 
Gastric ulcer or cicatrisation 48 6 Hn 
Duodenal ulcer or cicatrisation 56 8 64 
Varicosis, oesophageal 3 ~<—e 3 
Cancer of the stomach or cardia 2 — 2 
Internal biliary fistula 2 —_ 2 

Total, pathologic findings 223 18 241 
Normal findings 88 — 88 
Full total 311 18 329 

(29) 


Figure 34 shows some of the comparative results of Kaude's work, Out of 
a clinical study of 329 cases, with both sets of films read by each 
individual, there were 311 agreements and 18 disagreements, With the 
large films 7 of these disagreements were in error; with the 70 mn, there 
were no errors but 10 cases were uncertain, The conclusion of this 
study was that 70 mm films are perfectly acceptable for high quality 
diagnosis for this examination, 


ad) TV Pick-up Tubes. 


A few years ago there used to be an issue between the choice of 
an image orthicon or a vidicon as the TV pick-up tube of choice, That 
issue has now been settled in favor of the plumbicon type of vidicon, 
because of its great sensitivity and minimum lag, which compares favorably 
to the more expensive and more complicated image orthicon, The size 
of these tubes is very different as can be seen in Figure 35, Webster 
and Wipfelder have published the results of some performance tests 
illustrating the difference in image ey sz perceptible detail and 
contrast, and these are shown in Figure 36, *8\These results were obtained 
with a relatively high dose rate at the table top (10 R/min) and a thick 
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Figure 36: Comparison of performance of vidicon and 
image orthicon, using fixed and moving 
test objects, 9,4 R/min at table top, 
( 90 kVp, 3.5 mA) 
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Figure 37: Comparison of performance of vidicon and 
image orthicon, using fixed and moving 
test objects, 4,4 R/min at table top, 

( 90 kVp, 1,0 mA) 
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phantom, The effect of moving versus stationary test objects was studied, 
In these experiments an image orthicon camera and a vidicon camera were 
mounted on the same intensifier unit with a rapid switching arrangement 
from one camera to the other, With moving objects perception with the 
image orthicon was superior to that with the conventional vidicon used, 
At lower exposure rates the vidicon lag increased and the divergence of 
the results was greater, as is shown in Fig, 3/7. However, this problem 
of lag has been solved with the introduction of the plumbicon type of 
vidicon; this and other less sticky vidicons have taken over the field, 


IV_Resolution. 


If we consider a standard 525-line, 30 frames per second television 
system, it can be shown that the resolution obtained is considerably 
less than the resolution capability of intensifiers currently in use, 

In the vertical direction it is possible to resolve about 0.7 of the 
total number of lines used for scanning, i.e. less than 370 TV lines 

per picture or 185 lineepairs, For a 9" picture this is less than l 
line=pair per mm, If the bandwidth of the TV chain is only 3 MHz, which 
is not uncommon, the horizontal resolution turns out to be even worse, 

It is because television resolution is so limited and because extra noise 
is introduced, that kinescope recording is so much poorer than cine 
recording (Fig. 33). 


Fig. 38 shows the calculated horizontal and vertical resolutions 
for 6" and 9" intensifiers with television systems varying from 3,5 to 
30 MHz in bandwidth, The latter represents the practical upper limit of 
present television quality, It is clear that even a 30 MHz 1000-line 
system barely reproduces the resolution available on first generation 
9" intensifiers with resolution limit of 2 line-pairs/mm, Furthermore, 
the 30 MHz system is quite inadequate for reproduction of the detail 
available on new second generation 9" tubes, 


lines/frame bandwidth vertical resolution horizontal resolution 
MHz 9" dia, 6" dia, 9" dia, 6" dia, 
525 30 0,75 1,1 0,6 0.9 
1024 30 1,45 2,2 2,65 4,0 


Figure 38: Resolution of television systems 
used with image intensifiers 
in line-pairs per millimeter 
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DISCUSSION 


Castro: What equipment do you recommend to measure the input to the 
input phosphor and the light output of the output phosphor of the 
image intensifier? 


Webster: I don't. I think this is a rather difficult thing to do as 
a routine. People who have been experimenting with photodiodes might 
possibly develop a simple instrument for this, but most people use 
brightness spot photometers, and these require color correction before 
you get a proper answer. They are hard to use because you have to 
look at the final output phosphor, and this means disassembling the 
equipment and taking out the condenser lens and the beam splitter or 
whatever optical apparatus you have at the end of the intensifier. It 
is also hard to zero in on that l-inch-diameter spot properly and get 
an accurate answer. I have done it, but I would not recommend doing 
it in any way routinely in order to check whether an intensifier is 
holding its conversion factor or gain. The way we do it is to measure 
the exposure rate to a phantom for the apparatus operated as a cine 
system. Then, if you are sure of the photographic techniques - same 
film and reasonably controlled processing - then you can look for a 
given density and measure the exposure required for that density. If 
the exposure goes up, there is a good possibility that the gain has 
dropped. I make the exposure measurement at the table top, not at the 
input phosphor, since in that way it is much easier,and you can measure 
a few roentgens with a 10R Victoreen rather than a few milliroentgens, 
but you must have a standard phantom to use. 


Castro: I use a standard phantom and standard factors, but I use 
what comes out of the phantom; that is, at the input to the intensifier, 
as in a cine procedure. 


Webster: You can do it that way if you have a sensitive enough chamber 
and reproducible geometry - but you have to have all the factors under 
control or you may be misled and turn the intensifier in when it is 
really ok. Another way is to rely on the automatic brightness control, 
if you have one, and essentially use that to measure the light output 
from the system and compare that with the input exposure rate again. 
Measuring the light with an external system is a more exacting method, 
which I do not recommend. 


Wright: How uniform are image intensifiers, Ted? 


Webster: You mean from a given manufacturer, I suppose. I understand 
that the quality controls are rather tight. Many are discarded by the 
manufacturer - their specifications are evidently narrow, but I cannot 
give you any numbers. 
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Wright: Could you give us some feeling as to how the brightness of 
the output phosphor decreases with time? 


Webster: There have been some arguments about that. Some manufacturers 
claim their products never lose any gain, but that has not been my ex- 
perience, as I showed in one of my illustrations. 


Question: Would you comment on scan systems? 


Webster: I think the indications for these are quite small because of 
the resolution and noise limitations. One of the first concerns must 
be the x-ray power necessary to get very fine resolution by using very 
small scanning beams. I believe this is the reason Moon dropped the 
idea that he pioneered in 1949. Morgan* has analyzed systems like this 
and has been quite vehment in stating that there just wasn't that kind 
of x-ray power around. The systems would seem to lend themselves to 
rather low-dose poor-resolution examinations, but the question is what 
are those examinations? My pet suggestion is that they could be used 
for pelvimetry, where the resolution requirements are not very high, 
because you are really looking for distances between rather contrasting 
objects, such as the diameter of the pelvic inlet, and there is a need 
for a low dose in this examination. 


Question: What about the work of Ter-Pogossian with scanned x rays 
looking at fluorescent radiation - is that useful? 


Webster: As I understand it, that would give information about surface 
structure and is not likely to give you much depth information (e.g., 
looking for Ix, fluorescent radiation from the thyroid gland). 


Question: I thought you could get 3-D information. 


Webster: Yes, but this is related to volume concentration. Hale at 
the University of Pennsylvania has used K characteristic x rays to look 
at antimony deposits in the lung. I don't think the resolution would 
be very good, however. | 


Question: What about the scanning equipment used for checking luggage? 


Webster: I have worked briefly with that system, and the chest film I 
showed was made with it. This particular system consisted of a mech- 
anical scanner with a narrow x-ray beam moving repetitively downward 
as the object was moved horizontally, taking over 1 minute to complete 
a chest radiograph. This was not a high-powered apparatus, and it 
worked at 90 kV and 6 mA under continuous load conditions. If you em- 
ployed an interrputed technique, it would be possible to increase the 
operating power. 





*Radiology 57:560 (1951). (Discussion) 
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Question: Would this be a useful sort of thing to do some research in - 
perhaps for pelvimetry - or don't you think it is the time yet? 


Webster: I think some limited wcrk in that area would be useful. One 
must bear in mind that the final result may be radiographs that no 
radiologists will look at. 


Question: My impression is that some time ago pelvimetry was done quite 
often, but now radiologists for various reasons have backed off. What 
are the consequences? 


Webster: I do not think it has had too much effect on the state of 
American health. I think it is an important area for dose reduction, 
but so is the deletion of some unnecessary examinations - some of the 
chest and low back examinations. 


Question: What is the state of fibre optics at this time? 


Webster: It is possible to get intensifiers with fibre optic input 

and fibre optic output. The latter seems to me a more profitable en- 
terprise because you can get much higher effective light output this 
way, particularly if the optic is coupled directly to a TV tube with- 
out a lens. With both fibre optics on the input and the output you 
tend to get interference between the two fibre optics, giving a chicken 
wire or moiré pattern distortion in the pictures,depending on the fine- 
ness of the fibres. Another suggestion that has been made is to make 
an input screen for the intensifier with luminescent fibres, which 
would allow a relatively thick and absorptive screen with high resolu- 
tion, since the fibres could be 10 to 50 microns in size. I think 

this is an encouraging area of research. 


Wright: Could you perhaps couple a larger 12-inch input screen to a 
smaller diameter image intensifier? 


Webster: I expect you could, but making a 12-inch-diameter, flat, 
fibre optic screen of 10-micron fibres would be a tour de force. 


Question: You used 0.2 second for the integration time of the eye, but 
you put 120 pulses per second on the intensifier screen. Are we being 
extravagent in the amount of information we are putting on there for 
the radiologist to see and make his decision? Is it worthwhile? 


Webster: If the image quality is statistically limited, information 
increases with the pulse frequency. In perceiving motion in real time 
there is no need to pulse faster than 20/sec. When motion is slow, 
even slower rates are acceptable if a storage system to supplement the 
eye is used. There is a group in Denmark** which has recently produced 


**¥S. Dorph et al. Radiology 97:399 (1970). 
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a slow-speed fluoroscopic system where you make an exposure and retain 
it on a storage system and look at it instead of continuously repeat- 
ing the recording ofthe image; and this may cut fluoroscopic exposure 
by something like a factor of 10, depending on what the repetition 
rate is. I worked on a somewhat similar system*** in 1962, but at 
that time there were no technological problems with storage tubes. 


Question: Is image retention on an intensifier screen longer or shorter 
than it is on the eye? 


Webster: It is much shorter. The lag of the intensifier is some 6 
to 8 msec, typically. 


Question: So the slow part of the system is the eye? 
Webster: Yes, in terms of integration time. 
Question: Is this equivalent to stickiness? 


Webster: Yes, I said it is equivalent to a memory-scope. A measure 
of the eye stickiness is the flicker-fusion frequency. However, 
events of shorter duration than integration time can clearly be dis- 
tinguished by the eye. During the integration time there is a gain 
in brightness. 


Question: By not pulsing are you not improving the signal/noise ratio 
and getting better information to your eye because it is integrating? 


Webster: This is true, and this was one of the problems of the low- 
dose, single-frame system I was working on - it was very noisy. The 
other problem that arises is the speed of motion you are looking at. 
Fairly clearly, if things are moving fast you really want those extra 
frames and you cannot work with one or five frames per second. 


*kke. W. Webster and L. C. Smith. Radiology 78:117 (1962). 
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ELECTRONIC IMAGING DEVICES MII. 


MeLvin P. Stedband 


Medical Electronics Division 
CGR Medical Corporation 
Baltimore, Maryland 


This second part of "Electronic Imaging Devices" concentrates 
on the variety of camera tubes and storage tubes that can be coupled 
to the image intensifiers previously described, The theoretical 
consideration of topics such as secondary emission phenomena, and 
the structure of targets, have not previously been readily available 
in basic texts of Radiologic Physics, so this presentation is 
particularly welcome, 

- KEditor's Note, 
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Camera Tubes, Storage Tubes and Quantum Considerations 


Before discussing various types of camera and storage tubes in 
detail, it will be appropriate to describe some of the fundamental 
ideas that, with variations, apply to electronic scanning devices. 


Secondary Emission Phenomena 


When electrons are emitted from a hot cathode, they have a 
distribution of energies due to cathode temperature and resistance 
of cathode coatings. When the electrons hit a collector, their 
energy may be sufficient to eject secondary electrons : 
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FIG. 1 


Figure 1 shows a heuristic type of tube with a cathode, col- 
lecting plate and a Faraday shield or secondary electron repelling 
grid. This grid or mesh can be biased negative with respect to the 
collector to repel secondary electrons back to the collector or 
biased positive to collect the secondary electrons. The voltage to 
control the primary electrons is V and we will study the effect on 
the tube current (measured by the micrommeter) as the voltage is 
varied. 
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FIG. 2 
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Figure 2 shows what happens when this is done. As the voltage V 
increases, the current will increase until all the electrons, whatever 
their energy, are collected and we have the idealized total available 
beam current i. If the mesh is negative, it cannot collect electrons. 
If the mesh voltage is reversed, so that it is positive with respect to 
the collector, we can collect all the secondary electrons that are gen- 
erated so that secondary electrons from the collecting plate do not 
return to it. Now when secondary electrons are generated as a function 
of the accelerating voltage, V, they detract from the collected current 
as shown on the micrommeter. As V increases and more secondaries are 
generated, and, if the surface is nice and smooth and shiny and clean 
(e.g. mirror finish gold or silver), at about 50 volts a point called 
First Crossover is reached, where the meter reads zero since the number 
of secondaries leaving the collecting surface equals the number of pri- 
maries arriving. 


If we continue to increase V, still more secondaries are generated 
and the microammeter shows a reversed current flow, which eventually 
reaches a maximum. For lightly cesiated pure silver this occurs around 
170 volts and at that point five or six secondaries are generated by 
each primary electron. (This behavior is also followed by other 
secondary emitting surfaces which are really°witches brews” - caesium on 
silver, with some antimony, for example - handed down from father to 
son among tube makers. ) 


The curve levels off, but if V is increased still further, it be- 
gins to drop, and at about 1 kV for most materials, the current again 
reaches zero at Second Crossover. At this point, the primaries are so 
energetic and penetrating that they generate secondaries deep in the 
collector, so deep that now only one secondary per primary escapes to 
reach the mesh. (If V is increased still further, the whole beam can be 
collected - or you can burn a hole in the target!) 


These results are important in the design of camera or storage 
tubes: Thus, if the collector is a dielectric surface, it is possible 
by operating at a few volts above cathode potential to "write" by de- 
positing primary electrons on the surface in a scanning pattern. Alter- 
natively, by operating at, say, 150-180 volts, it is possible to write 
much faster, since each primary electron produces, say, 5 secondaries 
and so there are 4 positive charges left behind in place of the single 
primary electron. This is true for the case of Image Orthicon or 
storage tube operation. 
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For certain dielectrics (e.g. KCl, CaF9, SiO) a beam of electrons 
landing on the surface can induce conductivity. If the surface of the 
dielectric is considered as a capacitor plate with stored electrons, a 
voltage V of about 5000 volts representing the energy of the arriving 
electrons can induce conductivity to permit the passage of 30 to 100 
stored electrons for each high energy arriving electron. The electrons 
land with sufficient energy so that the insulating material is momen- 
tarily degraded and behaves as a conductor. This principle is used in 
the Secondary Electron Conduction Vidicons (SEC) to be described later. 
With some semi-conductors, a similar effect occurs called Electron 
Bombardment Induced Conductivity (EBIC) and can occur at voltages as 
low as 30 volts. 


The nature of the surface itself is very important. If the sur- 
face is rough, the secondary electrons will be less easily able to 
escape from the collector. This is analogous to the loss of optical 
reflectivity of a roughened mirror. If the reflected energy cannot 
escape, the surface behaves like a black body. The vidicon surface is 
a porous sensitive layer or retina which exhibits a low secondary emis- 
sion ratio when primary electrons strike it. 


Charge Storing 


Another basic characteristic of the sensing layer or integrating 
layer is its ability to store charge. A compromise situation exists in 
camera tubes. The layer needs to be thick for high probability quantum 
detection, but since: - 


c wz 0.0885A x 10712 farads (assuming dielectric constant = 1) 
S 
Where C is capacity: A is area in cm? ; and S§ is thickness in cm 


a thick layer will have a low capacity and the number of electrons that 
can be stored will be low, and the signal level will be very low with 
respect to the noise level. Thus, there will be an optimum thickness. 
The dielectric constant of most sensors is influenced by the fact that 
the layers are porous so k = 1 is a reasonable value. 


The Vidicon: 


Charge Storage -- Assume that the active area of the sensing layer is 
about 1 cm and the thickness is about 4 microns. Hence, the total 
capacity is about 221 pF. The voltage swing cannot be greater than 

10 volts (to avoid induced conductivity that would discharge the layer) 
so the maximum charge that can be stored is 2.21 x 10-9 Coulombs. Assum- 
ing some 250,000 cells (or separate places for charge storage) this re- 
sults in a net charge per cell of about 10-14 coulombs or 6.2 x 104 
electrons per cell. (We will come back to this number of electrons per 
cell later.) 
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The vidicon has a hot cathode, a control grid (G,) which modulates 
the beam of electrons, an accelerating electrode (G2) with a beam form- 
ing aperture, an electric field forming electrode (G3), an optionally 
separate mesh, G4, which may or may not be connected to G3 and the 
target. The target is a glass plate on which is a ring of nichrome, a 
transparent coating of tin oxide (a conductor) and then the porous 
sensing layer of antimony trisulphide (a semi-conductor). This layer 
is deposited under a few microns pressure of helium or argon so it forms 
a smoky or porous layer. It is possible to see the scanned area on an 
old target removed from a tube since it has actually been squeezed 
mechanically by the presence of electron charges. 
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Figure 5 shows a schematic magnified view of the target. The 
antimony trisulphide and the tin oxide form the plates of a capacitor, 
which are shunted by the elemental resistance of the Sb7S3. This is a 
photo-resistance which changes as a function of the light striking it. 


Operation: 


The electron beam is swept over the antimony trisulphide surface 
by a series of magnetic fields (produced by coils outside the tube). 
The beam diverges from G2, spirals, and converges at the target. Ortho- 
gonal magnetic fields paint the scanning raster while an additional 
field confines the beam to a narrow cross section. An elemental capac- 
itor is charged by the beam and subsequently discharged by light until 
the next time the beam returns to it. A ‘viewing’ or load resistor, 
connected to the tin oxide, is connected to the target supply voltage. 
The recharging current of the elemental capacitor flows through this 
resistor, is amplified and produces the video signal. Because of the 
finite capacity of the target, there is a statistical noise limit at 
the target related to the number of electrons per element which, in 
turn, is also related to the tar ef voltage. The maximum signal/noise 
ratio possible is roughly /6.2x10", or 250, However, the input load 
resistor is a real limiting factor due to Johnson/Nyquist (thermal) 
noise, and this is the more important parameter. Since the signal at 
the surface is finite (because the total capacity is fixed), increasing 
the number of cells by increasing scan rate to 875 or 1034 line scan 
rate does not help since the charge per cell diminishes. It is possible 
to operate at target voltages up to 100 volts and increase sensitivity 
but beam landing energy must not be above 10 eV or induced conductivity 
will discharge the target. Another practical bound on performance is 
the limit imposed by thermal heating of the target by the beam which 
limits total target current to 0.3 ya for any operating condition. 


An electron beam comes from the gun, is modulated by G,, formed 
into a beam by G2, and focussed by G3 to the target. (All of this is 
in a magnetic field.) Next comes the mesh and the glass faceplate of 
the tube which is lightly coated with SnO and from which a connection 
is brought out through the side of the tube to the viewing resistor and 
amplifier, and by which the target voltage.is applied. Each cell of 
the target can be represented by a capacitor shunted by a resistance. 
Starting from the equilibrium state, when the beam has just passed, the 
element will be at cathode potential (say zero) so the Vt is a positive 
voltage (say 40). Thus, there are a great many electrons on one side 
with respect to the other of the capacitor, and there are 50 volts 
across the capacitor. Now the capacitor is exposed to light, and the 
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value of the resistance is changed. (This is to be distinguished from 

a device where light modulates conductance and produces a certain number 
of electrons per input light photon.) The amount discharged will be a 
function of Vt. 
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FIG. 6 


At times t,, t1, t2 ...., the target is recharged to cathode 
potential. EE}, represents an element in the dark and discharges between 
frames by an amount determined by its finite minimum resistance, beam 
induced conductivity and some scattered light photoconductivity. Ep» 
discharges a little more due to photoconductivity. If the time between 
frames is increased, E, will discharge too far and beam induced con- 
ductivity will degrade the image. 
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The Plumbicon: 


The standard vidicon and the Plumbicon have a great deal of 
physical similarity, with similar electron optics and electron optics 
and electrode structure. The principal differences are in the storage 
layers. The vidicon has an antimony trisulphide (or triselenide) photo- 
resistive layer, while the Plumbicon has a PbS/PbO depleted junction 
layer which is a photoconductor. As such, the Plumbicon sensitivity 
cannot be adjusted by varying the target voltage, and any increase in 
this voltage increases the landing energy of the beam and may damage 
the tube. Usually the voltage used is about 40 volts. The Plumbicon, 
like the vidicon has a finite response, the beam recharges the target 
in the same manner and the difference is in the nature of the resis- 
tance. The Plumbicon has a faster response time and a contrastier 
picture than the vidicon. 


Image Orthicon: 
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As can be seen, this is a more complicated tube. Light photons 
striking the photocathode, free photoelectrons which in turn strike the 
thin glass target. Between photocathode and target is about 450 volts 
so each photoelectron on landing produces several secondaries. These 
are collected by a mesh located in front of the thin film target which 
is kept a few volts above cathode potential. As a result, the target 
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is left with a net positive charge pattern. The gun structure is 
similar to that of the vidicon, with Cathode and Gj and, again, a G2 
structure with a small hole, so arranged that the electric and magnetic 
fields will focus the beam electrons first at the target surface and 
returned electrons (the ones that cannot land and remain at the target) 
will be re-imaged back on the Gp surface. In the vidicon there is a 
single loop of focus between G2 and the target; but with the image 
orthicon, since the front end (image forming section) experiences the 
same magnetic field as the scanning section, and each point on the 
photocathode must be imaged at a particular point on the target, it is 
impossible to have a single loop of focus. In fact, the reading beam 
goes through 4 or 5 foci, and the grids G3 G4 and G5 are necessary to 
optimize both the gun focus and the image focus. 


The photoelectrons from the photocathode have caused the ejection 
of secondaries and left the target with a pattern of positive charges. 
The scanning beam electrons neutralize these positive charges. Because 
the target is very thin, it is not a good insulator, but has very high 
lateral resistance. The elemental target capacitor is now made up of 
the thin film target and the mesh. As discussed previously, to maxi- 
mize target storage capacity, the mesh must be as close as possible to 
the target. In some designs a second mesh or field mesh is used. This 
mesh is out of focus to the beam, so that the first mesh acts as a 
secondary collector, while the second increases the target capacity, 
and therefore the number of electrons that can be stored. 


Unlike the vidicon, the amplifier is not the restricting element 
in the fmage orthicon. After beam electrons have replaced the charges 
on the target surface, the surplus electrons in the beam return, follow- 
ing close to the trajectory of the arriving beam, but this return beam 
will miss the hole in G2. The G2 electrode is about 250 volts above 
cathode potential, and so secondary emission occurs with a high second- 
ary emission ratio. These secondaries are directed by G3 into an 
electron multiplier structure. The electron multiplier has a series of 
venetian blind-like electrodes which give the multiplication effect. 
The resultant output current through the load resistor will be large 
enough so that this resistor is not a restriction on image orthicon 
performance. The main limitation of performance for this tube is the 
storage capacity of the target. 


The original beam has been reduced by the number of electrons to 
replace those ejected from the target by the photoelectrons. Ideally, 
the beam current should be just large enough to recharge the maximum 
target charge, so that the returning difference current is modulated 
to the maximum extent. If the beam current is greater, no more signal 
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is available and a noise proportional to the square root of the number 
of beam electrons per sample, shot noise, will tend to override the 
image orthicon signal; if the current is not large enough, the target 
will not be adequately discharged. There is thus a narrow range of 
beam current for proper function. Another problem is that of gain con- 
trol. The voltage on Go which is also the first dynode of the multi- 
plier section cannot be altered. Similarly, if the voltage on the 
second dynode is altered so that the gain of the stage is less than 
unity, the statistical response of the image orthicon will be affected; 
i.e. the Signal/Noise ratio will be changed. (See Van der Ziel - 
"Noise." Prentice Hall, Inc., Englewood Cliffs, N.J., 1954). 


The Isocon: 


This tube is similar in many respects to the image orthicon, 
except for the way the returned beam electrons and target secondary 
electrons are handled. In the image orthicon the voltage at the sur- 
face is about 2 or 3 volts above cathode potential. As a result, the 
returned electrons have an energy distribution ranging from 0 to 3 volts. 
If the surface is fully charged, then all the electrons will come back 
with (say) near zero volts. If an element on the surface represents a 
white light source in the field, then this voltage will be initially 
3 volts, and as the beam recharges an element, the voltage will de- 
crease to zero as a function of the beam dwell time. If a velocity 
filter that accepts only a small window (say from 0.5 - 3.0 volts) can 
be put in the path of the return beam, then only those returning elec- 
trons that correspond to a light spot in the tube will be collected, 
and excess current (and consequent noise) can be avoided in the output 
signal. There are two basic types of Isocons; those made by R.C.A., 
and those made by English Electric Valve Company. Whereas the English 
Electric tube will fit in a conventional image orthicon structure, the 
R.C.A. tube requires a special yoke. 


Image Orthicon Photocathode Structure: 


There are many types of photocathodes, bialkali, trialkali, high 
or low gain surfaces, high or low capacity target structures. For 
night vision,for example, a very high sensitivity photocathode is 
needed, with a wide-spaced target structure. Additional components can 
be mounted in front of the photocathode with additional means of 
electron multiplication, and they can be incredibly sensitive, yielding 
signals for each separate detected photon. The problem of the image 
orthicon is not one of the sensitivity (it is almost too sensitive for 
use in X-ray systems). The real problem is one of dynamic range - try- 
ing to get a target structure with high capacity per unit area, and 
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this is the reason for the specification of close spaced field mesh 
tubes. Trialkali photo surfaces tend to be temperature sensitive, and 
to have some cesium migration in the tube which gives rise to a great 
amount of shading. To avoid these problems for X-ray applications, a 
bialkali surface is used, which, although it is somewhat less sensitive, 
is more stable. It is possible to identify or distinguish between 

these surfaces since a bialkali surface has a gold cast, while a tri- 
alkali has a silvery or clear appearance. 


SEC Vidicion: 
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The SEC vidicon utilizes induced conductivity in a dielectric. 
This tube has a great deal of promise for isotope imaging but because 
of restriction in the tube, it is not presently suitable for intensi- 
fied fluoroscopy. Figure 8 shows a diagram of the tube. The gun 
structure, cathode, control grid to modulate the beam Go, with its 
limiting aperture and G, for focus are similar to a regular vidicon. 
The photoelectrons are imaged on a thin collodion film, aluminized, and 
with a thick potassium chloride layer. The aluminum substrate of the 
target layer is brought out through a viewing resistor to a voltage 
that is about +10 volts with respect to the cathode, and then to a 
video amplifier. 
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Light striking the photocathode releases electrons toward the 
target. Since the voltage on G3 is only about 300 V, while the photo- 
cathode is at about 8000 volts, the slight magnetic field has little 
effect and some other type of lens structure, as indicated, is needed 
to collimate the photoelectrons to the target. These electrons fold 
through the lens, giving an optical reversal, and because of their 
energy they sail right through the Aluminum, hit the KCl and induce 
conductivity. As a result, some of stored beam electrons are conducted. 
When the electron beam from the gun makes another pass, it recharges 
this elemental capacitor of the KCl and the charging current is the 
Signal read by the viewing resistor. The tube is extremely sensitive 
and can function as a starlight scope, since the individual photoelec- 
trons produce so many induced secondary conducted electrons and there 
is very high light sensitivity. 


The limitation previously referred to stems from the fact that the 
KCl layer is 20 - 25 microns thick, so that the rule mentioned when 
vidicons were discussed will apply; the charge per unit area will be 
very small. Because of the very high sensitivity, individual photons 
can almost be registered - if one is interested in single scintillation 
phenomena and, further, since in the absence of photoelectrons, KCl is 
good dielectric (the tube is capable of integration for up to 30 minutes 
if chilled), this is ideal for astronomy, and some of the pulsating 
stars have been discovered by this sort of integration of over 30 
seconds. However, in intensified fluoroscopy, as we shall see later, 
we are dealing with clusters of 10 visible light photons at the output 
of the intensifier which overwhelm this tube and make it very noisy. 
The surface of the SEC vidicon is very rough, and the beam can recharge 
the elements in a single pass so the response time is extremely fast. 
This tube was chosen for the moon shots since it was possible to put a 
rotating color wheel in front of it and take a series of independent 
pictures in synchrony with the wheel and so make a color TV presenta- 
tion, because the tube has such a very high discharge factor. 
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The Silicon Vidicon: 
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FIG. 9 


The construction, as seen in Figure 9, is somewhat similar to an 
ordinary vidicon, with the Gun, Gj Gp and G3 as before. The surface in 
this case is an etched slab of silicon in the form of a mosaic. The 
surface has a series of grooves etched into it and previously formed 
junctions so that we have a single photo-etched layer comprising a 
mosaic of silicon islands °F mesas, electrically insulated from one 
another, so that electron can land on the surface and charge the junc- 
tions. Light, from the other side, generates hole/electron pairs which 
drift without acceleration to the junctions and discharge them. The 
returning beam then recharges the junction and provides the signal. 
Silicon has a very high quantum efficiency and the layers are very thin 
so that the electrons do not have far to drift to a junction. 


These tubes are quite rugged and can be pointed directly at the 
sun. This ruggedness results from the very high temperatures used in 
the processing to form the junctions. [In this respect the silicon 
vidicon differs from the ordinary vidicon which is so delicate that a 
hole can be burnt in the target by putting it near an incandescent 
light, or even, since the lens will pass infrared, operating it near a 
soldering iron, a lighted match or even a cigarette. The silicon 
vidicon is also quite sensitive but it has the one disadvantage that 
the junctions can fail. Since they are formed by a photo-etching pro- 
cess, there is a high probability of failure, leading to three quality 
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levels. The highest quality may have up to six blemishes - shorted 
mesas - while the cheaper, lower quality, may have quite a lot more. 

The silicon surfaces are so processed that the discharge factor is high, 
and because it is a junction device and the lifetime of the carrier of 
in silicon is so short, the tube has very little stickiness. The number 
of elements in some of the presently available tubes range from 625x625 
to 1000x1000. 


To minimize the effects of stray magnetic fields, Since the ends 
of a@ camera tube are open and cannot be shielded, one of the deflection 
parameters, the vertical rate, will be 60 fields/second so that any 
stray magnetic effects are stationary with respect to the scanning. 








Storage Tubes: 
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This illustrates the type of tubes that should be very useful for 
intensified fluoroscopy and one which would allow a reduction in patient 
dose. Typical of some of the new storage tubes are in the Lithocon of 
Princeton Electronics, Silicon Alphacon (RCA), and a tube developed by 
Thomson-CSF France. These tubes are in vidicon type envelopes and use 
vidicon type deflection structures. They are cheap, easy to use and 
have a long life. They are able to integrate small, noisy signals. 
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The cathode G1, Go and G3 and mesh are similar to that described 
earlier for vidicons. Previous storage tubes were made by taking the 
glass end plate of a vidicon, coating it with a conducting layer of 
SnO and mounting it very close to a mesh, placing the assembly in a 
vacuum and depositing potassium fluoride through the mesh to form little 
islands that would subsequently be used to store charge. This type of 
construction was not very successful because of a problem due to the 
beam as it lands on any surface. The particular crystalline axis that 
is exposed at the surface has a relation to the energy with which the 
beam electrons land, and with the KF surface there were work function 
differences of this type all over the surface due to the different 
exposed crystal axes, resulting in a mottle. Since the work function 
differences were from 1/4 to 1/2 volt and the depth of modulation at 
the surface was only of the order of 2 to 3 volts, these tubes were 
poor at storing analog information, although they were good for storing 
numbers or for computing purposes - unless the beam subtended a great 
number of islands, which will not be the case in the vidicon-like struc- 
ture. 


The current design of target uses a single crystal of silicon 
which is etched (somewhat like the silicon vidicon) and has silicon 
dioxide epitaxially formed on it so that there are no work function 
differences across the uniform surface. Since the target is a single 
crystal, the little islands of Si0, all have the same axes. The sub- 
Strate, that is, the grooves between the dielectric islands, is delib- 
erately poisoned silicon, using several impurities, so it behaves as a 
conductor. Each of these islands is an elemental capacitor with a fi- 
nite thickness from which stored electrons can be removed or deposited. 
If the target voltage is about +5 volts (Vt), and the surface of the 
islands is very slightly negative (near zero), beam electrons cannot 
land and are deflected away from the surface and tend to land in the 
conducting grooves between each cell. When that occurs, the charge is 
read nondestructively since, as long as the beam lands in the grooves, 
a current will flow through the viewing resistor. If the element sur- 
faces were at -3 volts, the beam would be deflected and be collected by 
the G3 mesh, and would not land so that no signal would be read out. 
Thus, with a pattern of charges producing from Zero to -2 or -3 volts 
on the surface, the surface can be read out nondestructively, since in 
neither case do reading electrons land on the storage surface. 


To write on the surface, i.e. put down the pattern of charges, the 
existing information has first to be destroyed. This is accomplished 
by raising the target voltage from, say, +5 to +10 volts, so that an 
island that was at -2 goes to +3 volts, and one at zero goes to +5 volts. 
Now the beam can land on the islands and charge them to the cathode 
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potential or zero in a couple of passages of the beam. Next, the sur- 
face potential is raised to +150 volts, which is above first crossover. 
Since the near surface went from +10 to +150, the surface facing the 
beam is now +140 volts with respect to the cathode. If the beam, now 
modulated, since it is in the write mode, scans the surface, beams elec- 
trons will strike the surface with enough energy to eject more than one 
electron per electron and a pattern of electrons will be left on the 
surface, corresponding to the modulation induced by the write signal on 
the control grid. The final step is to take the target voltage back to 
+5 volts, and the surface is now ready to be read. Thus, there are 
three phases of operation, non-destructive reading; erasing (or primingy 
and writing (above first crossover). 


Since writing is best above first crossover, update time can be 
short. Erasing is somewhat slow and takes several frames, preferably 
as long as possible. In some fluoroscopic situations the tube would be 
bypassed during the active fluoroscopy time, but as the radiologist lets 
up on the footswitch the storage tube would be activated, one frame 
would be recorded and then the radiation would cease. 


Question: How many electrons are removed from the surface 
per incident electron in 'write'? 


Answer: At the end of erase, the surface is at zero, with 
10 volts across each element. Raising Vt from 10 
to +150 raises the surface to +140 volts which is 
well above the first crossover value, so if the 
X-ray video signal is now modulating the beam, a 
pattern of electrons will be generated on the sur- 
face since each beam electron will remove 2-4 
electrons from the surface. [In areas where the 
beam is most intense the beam current has been 
adjusted so that that particular element will not 
rise above 145 volts. When Vt is lowered to +5 V, 
this particular element will now be at O- volts 
and all other elements will range from 0 to -5 
volts. 


Question: How long can the information be retained? 


Answer: Hours, with the beam OFF; 5 - 30 minutes with 
beam ON. 
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Question: What is the resolution, and how many grey levels 
can you have? 


Answer: The resolution is similar to a vidicon, and with 
some designs can be substantially better. The 
number of grey levels is a function of the reso- 
lution and without optimization, we have seen 8 
shades. 10-12 should be possible. 


XRAY TV TV 
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This illustration shows how the storage tube can be used in 
fluoroscopic situation. While the operator has his foot on the switch, 
he will see real time images, and when he releases the switch, the 
Storage tube operates and a single full frame is recorded and dis- 
played as a "still," persisting with little degradation for 10-15 
minutes. It would be possible to operate the system to produce a 
series of "stills,'' the next operation of the footswitch erasing the 
previous image. For this application with a storage tube, the associ- 
ated TV camera must have a fast response time. A storage tube is only 
about 20-25% of the cost of a disc recorder, but it only has the ca- 
pacity to store a single picture. 
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Comparison of TV Camera Tubes for Fluoroscopy: 


TV camera tubes have a range of characteristics similar to film- 
fast and slow speed, high and low granularity, high or low sensitivity - 
so no single tube is suitable for all purposes. The different types of 
tubes can be divided into three categories: 


1) vidicon like devices - vidicon, Plumbicon, silicon vidicon; 
2) Orthicon like devices - image orthicon, Isonon; 


3) Exotic devices - SEC vidicon and some research novelties. 
(See Table.) 


Vidicon Tubes: 


These are the least expensive and simplest to use and the tube 
itself fairly straightforward. The vidicons have a thin, smoky layer 
of antimony trisulphide and are modulated resistance dévices. Sensi- 
tivity can be increased by increasing the target voltage. 


8507 Vidicon -- This type of vidicon is 1" in diameter, and is an 
example of the most common type - other examples of this group 
differ only in some minor characteristics; some have a separate 
mesh to improve focus in the corners, some have low power filaments, 
some are short and stubby, while others are long and skinny. The 
resolution can be characterized at two points (at the tube input) 
where the amplitude levels are down to 40% and 20% - to give an 
appreciation of the MTF curve shape. Thus, the horizontal resolu- 
tion of the Type 8507 at the 40% contrast is 430 Tv lines, while 

at the 20% contrast point, it is 620 Tv lines. For diagnostic 
radiology, there is little reason to consider lower contrast values 
for the camera tubes. Relating these figures to the face of a 9" 
image intensifier, the 60% point for the TV camera is equivalent to 
0.7 line pairs/mm; the 40% point to 1.0 lp/mm and the 20% point to 
1.55 lp/mm. The minimum light level for practical signal levels 

is about 0.05 foot candles and the maximum about 10 foot candles. 
The "1/e" time is a measure of the 'stickiness' or time (40 mSec. 
in this case) at moderate light levels for the signal to fall to 
1/3 of the original value. The 1/e~ time is the time for the 
signal to decay to 10% - in this case, 160 milliseconds means that 
this tube is quite sticky, and at low light levels this would prob- 
ably increase to 250 - 300 milliseconds. With some vidicons, 

there is a tendency to decay down to about 3 - 5% and remain at 
that level for times of the order of minutes. With the vidicons, 
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the automatic gain control circuits operate by adjusting the 
target voltage. As a consequence, when the X-rays are OFF, the 
target voltage will rise to its maximum and the sensitivity will go 
up orders of magnitude so that minor blemishes or stickiness will 
appear to be very bad. At high target voltages, the beam will 
land on the target quite hard. The target layer is only 6 or 7 
microns and is spongy so that these electrons can actually squeeze 
the target surface. This can easily be avoided by adding a relay 
to the circuit which short circuits the target voltage when the 
X-rays are OFF, and will extend the tube life considerably - to 
several years. 


8521 Vidicon -- This type of vidicon is basically a large (1-1/2" 
diameter) version of the previous tube. Its larger size would 
permit the use of larger lenses for optical coupling - which could 
be an improvement. However, in practice, the resolution values 

of the standard vidicon are usually adequate so that the increased 
cost of the larger vidicon is seldom justified by increased system 
performance. 


Plumbicon -- Plumbicon tubes come in several types which differ 
in detail - in some the mesh is connected to G3, while in others, 
there is a separate mesh connection so this can have a small bias 
to aid the shaping of the electrostatic lens. Plumbicons are more 
costly than vidicons and require a larger camera. "Plumbicon" is 
the trade name for the Amperex tubes, but RCA, GE and GEC have 
announced tubes of this type. The Plumbicon response time (1/e) 
is less than 30 millisecgnds, very close to the frame time, while 
the long time decay (1/e~) is only 80 milliseconds, and the ex- 
tremely long time decay sometimes seen in vidicons does not occur. 
Because it is faster than the vidicon, the Plumbicon will not do 
as effective a job in integrating noise from the output of the 
image intensifier. For slow moving phenomena, where the vidicon 
averaging time of 1/5 seconds does not matter; e.g. barium enemas, 
barium swallows, the vidicon is a nice economical tube for general 
work. Plumbicons with tape recorders and discs are used to re- 
place or augment cine radiography. The short time constant of the 
Plumbicon makes it useful in blood velocity measurement, as it is 
possible to make injections, record the information and study it 
frame-by-frame to see how fast the bolus moves. The image is 
noisier, although with training, it is possible to see more through 
the noise. 
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Silicon Vidicon -- Unlike the surface of the Plumbicon (PbO or 
PbS) or that of the vidicon (SbS3), the silicon vidicons made by 
RCA, Philips, Bell Labs, etc., use an integrated circuit of photo- 
diodes. Such tubes are very sensitive, have low lag, low sticki- 
ness and high contrast output. Unfortunately, the tube is diffi- 
cult to make and has many blemishes - shorted islands in the 
sensitive layer. One great feature is that the tube is burn- 
resistant -- unlike the vidicon which burns easily. 


Image Orthicon -- These tubes are substantially more expensive, 
and more complicated having an image section as well as the read- 
ing section, but they have the cleanest, blemish-free images 
obtainable. Orthicons can be obtained with various characteris- 
tics such as high or low sensitivity photo surfaces, or high or 
low target capacity. Because X-ray systems are not light starved, 
it is preferable to use a low sensitivity tube which will have a 
better stability. High target capacity due to close field mesh 
spacing will give an increased dynamic range to the camera tube. 


Isocon -- The Isocon avoids an inherent problem of the image 
orthicon, which reads the charge pattern by a scanning beam which 
recharges the surface and returns the excess beam to a photo- 
multiplier tube. It would be preferable to have the scanning 

beam as small as possible since the system noise is related to 
VN where N is the number of returning electrons. If there is 

an excess return beam, the noise level can be high, but the signal 
(that removed from the scanning beam) is limited. The Isocon 
avoids this problem by having a velocity filter which separates 
the returning electrons into two categories, excess electrons from 
scanning beam and secondaries produced from the surface. The 
velocity filter traps the excess beam electrons resulting in a 
much quieter image in the white areas of the image, without the 
problems of beam current drift as in the image orthicon. RCA and 
English Electric manufacture Isocons, and the principal difference 
is that the RCA tube requires a special yoke while the English 
Electric tube will fit into a conventional deflection coil. Isocons 
are more costly than image orthicons. 


General Characteristics of TV Camera Tubes: (See Table) 
The input format varies from 10.5 mm diameter for the vidicon up 


to 27 mm diameter for the Isocon. List prices range from $5000 for 
vidicon cameras for X-ray systems up to $25,000 for the Isocon cameras. 
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Spectral sensitivity; matching the camera tube to the color of 
the output phosphor, is not terribly important, but it can be useful 
to suppress the longer wavelengths with a green or a blue filter since 
the first flash from the phosphor favors the blue and the phosphor per- 
sistence tends to be at the longer wavelengths. 


For all of the tubes, there are limits to the dynamic range where 
the tube either white saturates, or has insufficient sensitivity. The 
manufacturing variations may be a factor of 5 times or more in sensi- 
tivity. As a result, for vidicons, it is best to run with the lens 
set wide open and let the automatic gain control take care of the vari- 
ations; for the Plumbicon, image orthicons or silicon tubes (all the 
other tube types in fact) which have a definite storage capacity, a 
different operating technique is to be preferred: with these tubes, too 
much light will cause saturation and the response curve reaches a 
shoulder, so it is necessary to stop down the objective lens so that 
the brightness is limited by lens aperture. A good method to obtain 
a basic lens setting would be to use 50 kV and 1 mA as the X-ray fac- 
tors, a simple mesh phantom, start with the lens wide open and stop 
down until the white areas are not. saturated. With a Plumbicon, this 
would be with the lens either wide open or down one stop (f/1.5 or 
£/2.0), with the orthicons, and Isocons, the lens setting typically 
used would be £/5.6 or £/8. 


The gamma (comparable to the gamma of a film) is the ratio of the 
log of the signal output to the log of the light input. Vidicons are 
not linear and as the light level increases, the vidicon will tend to 
compress the whites - that is, the significance of the Y = 0.65 value 
listed. Most of the other tubes are linear. The unity ¥ of the 
Plumbicon tubes results in a reduced dynamic range but a "snappier" 
image having higher contrast differences. 


Although vidicon targets can have holes burnt into them, this will 
not occur in a radiological system in which the image intensifier is 
exposed to an unattenuated beam since the input of the intensifier has 
a limiting series resistor which limits the light output of the intensi- 
fier and, hence, the input to the camera. When an intense X-ray beam 
hits the input phosphor of an image intensifier, because the substrate 
of the photoconductor is resistive, it is possible that all the elec- 
trons can be emitted from a particular area and the surface is tempor- 
arily used up. The tube has a sensitivity range of 2 or 3 orders of 
magnitude, and to protect the output phosphor, a 20M resistor is incor- 
porated and acts as a current limiter to the output phosphor, preventing 
burning a hole in either the output phosphor or camera. 
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The column in the table headed contrast relates to the fact that 
due to dark current, the vidicon signal can only be 29% at best for 
many conditions of X-ray system applications. For the Plumbicon, the 
leakage is much less so the output level goes up to 95% - alternatively, 
it can be said that the unmodulated part of the output signal is small. 
With the Image Orthicon, there has to be some excess of return beam to 
ensure that the target is discharged, so the output signal is 30%. With 
the Isocon, because of the return beam velocity filter, the signal per- 
centage can go up to 75%. 


TV Scanning: 


Figure 12 shows the basic problem of scanning, the need to have 
enough scan lines to be able to count a given number of objects in the 
field. 
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To see an object, it would appear, at first sight, that there 

must be at least N horizontal lines to detect N objects arrayed verti- 
cally, as unless the line goes through the object, it cannot be seen. 
But, this criterion would not distinguish between one large and N small 
objects, so in fact 2N lines would be required as a minimum, so0 that 
one line goes through the object and one line goes through each space 
between neighboring objects, and since the objects would be randomly 
located in the field, and not regularly arranged, this number will need 
to be increased by a V 2 factor. Therefore, to see a mesh with 100 
holes per inch would require a scanning pattern of 280 lines per inch. 
In the horizontal direction, as we scan across an object, we can repre- 
sent the output signal by a positive pulse, and in the limiting case, 
to resolve objects horizontally will require 1 cycle of bandwidth for 
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each object - 1/2 cycle for the object and 1/2 cycle for the spacing 
between objects. The required bandwidth can be determined by thinking 
of the cell matrix that is to be scanned as a matrix of A x B cells 
where a cell is either a countable object or the space between objects. 
Hence, V2ZA scan lines will be required. (N = V2A where A is 1/2 the 
number of countable objects in the vertical direction), and the number 
of 1/2 cycles will be B per scan line. Thus, with a 500 x 500 cell 
mosaic, the requirements will be 500XV2 scan lines each with 500 half 
cycles. The frame rate of repetition of the scanning pattern will be 
30 per second, and an allowance must be made to allow for retrace time - 
a factor of, say, 1.4. Hence, the bandwidth will need to be 700 x 250 
x 30 x 1.4 = 7.35 MHz, if we are to examine with good resolution a 500 
x 500 matrix or a pattern of 250 x 250 black balls on a white field. 
This is a fairly high bandpass. In a conventional TV system the matrix 
is 300 x 400 leading to about 3-1/2 MHz. In the case of the silicon 
tubes there are 700 to 1000 cells or mesas in each direction, and since 
the reading beam spreads, these individual elements are unresolved. 





Since it is necessary to have ¥2A scan lines across the face of 
the tube because you do not have registration - alignment - between 
the scan lines and the rows of cells, it would seem feasible that it 
might be preferable to have many more, say, 1500, lines so that the 
scan lines themselves will be less obvious in the display. This sug- 
gestion is not practical for two reasons: First, each of the target 
elements has a finite capacity for charge storage, so that if the number 
of scan lines is increased, the finite charges would be subdivided re- 
sulting in a smaller available signal. Second, more scan lines would 
require that the bandwidth would be increased, but the noise in the 
system increases as the square root of bandwidth. Excess scan lines 
will result in a decreased signal/noise ratio, and for any system, 
especially for diagnostic radiology, there will be an optimum number of 
scan lines for best signal/noise ratio. Often this optimum value is 
surprisingly low - just above the expected I.A. tube resolution. 


Image Dissector Tubes: 


An important feature in most camera tubes is the ability to inte- 
grate light input. Light falling on a particular element continually 
discharges it over the period of 1/30 second between successive scans 
of that element (the reading electron beam dwell time is about a 


412 


a tenth of a microsecond). A class of tubes which do not integrate are 
the image dissector tubes. 
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FIG. 13 


Figure 13 is a schematic diagram of such a tube. An image dissector 
can be likened to a scanning photomultiplier tube. In fact, the first 
TV used this principle where a moving point source was imaged onto a 
phototube by the use of a lens and aperture and by means of a pair of 
rotating mirrore made to scan the surface mechanically. Modern dis- 
sector tubes are similar in shape to image orthicons, and have similar 
photosurfaces. The focussing and deflection fields are wrapped around 
the tube and the whole surface of the photocathode is imaged electron- 
ically over an aperture plate. The image of the photosurface can be 
deflected across the aperture and thus cells are selected in sequence 
as the tube is scanned. The disadvantage of the tube is that no inte- 
gration occurs. Thus, light is only detected from a point in space 
while that point is in view, so that the sensitivity ratio will depend 
on the length of time that one area is viewed, about 10-/ seconds. The 
tubes are thus 3 x 10° less sensitive than an equivalent image orthicon. 
Such tubes are light limited and could not be used for real time obser- 
vation, but if the light level is sufficiently high, they can reproduce 
high quality pictures with extremely high resolution and contrast. A 
possible application would be for the transmission of radiographic pic- 
tures. One other advantage of these tubes is that they never appear to 
wear out. (See: Fink, TV Engineers Handbook. ) 


The Fate of an X-Ray Quantum in the Whole System: 


We shall look at the number of events at different stages in the 
X-ray system in an attempt to determine if such a system is light 
limited. Assuming that we are starting with 70 KeV X-ray photons, and 
that light in the visible region has a photon energy of 2.2 eV, if con- 
plete conversion in the scintillator were possible, a single X-ray 
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photon would produce 32,000 light photons. [In the practical case, we 
can get about 2000 visible light photons per scintillation. If the 
photocathode is 15% efficient, there will be 300 emitted electrons per 
scintillation. 
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This illustration shows the thin glass input assembly with the 
scintillator on one side and the photocathode on the inner surface. 
The tube has a series of electron lenses, an accelerating potential 
of 25 kV and an output phosphor, which is aluminized to prevent feedback 
of light to the input photosurface. The 300 or so electrons per photons 
have their energy increased by 2.5 x 10° eV, hit the phosphor and are 
converted with, say, 10% efficiency to 2.2 eV light photon, and so pro- 
duce about 3.6 x 10° light photons per scintillation - a lot of light. 
There is a basic difference between a TV camera looking at a live scene 
and a TV camera looking at an output phosphor, since in the X-ray case, 
the light is occurring in bundles of 3.6 x 10° photons per scintillation. 
The quantum statistics of the light - as seen by the camera - have been 
disturbed and so must be handled differently. 


Another problem is that due to the MTF of the various phosphors 
(the phosphors have finite thickness) and the MTF of the electron optics, 
it turns out that we can consider these scintillations of 3.6 x 10° 
light photons as having a certain mean size. Because of this, it is 
important that the design of the camera avoids any resonance for this 
size. This will preclude the use of some circuit tricks in an X-ray 
TV system that are common in a regular TV system. 
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Returning to the statistical considerations, we next must consider 
the image on the output phosphor. If we assume a matrix of 316 x 316 
cells as the image that we want to see,at 10 fields per second we can 
estimate how much light is present at the output phosphor. We will 
assume that 7 equal grey levels are required, and since the image orthi- 
con - [.A. tube goes only to a 70% contrast response at a zero spatial 
frequency, 3 extra levels will have to be allowed for. Hence, we get: 


316 x 316 x 102 x 10 = 108 scintillations/sec/scene 
cells grey frame 
levels rate 


If the quagptum efficiency at the input were 25%, then we should 
require 4 x 10” X-ray quanta over the entire surface to give us the 
ability to see seven grey levels at this resolution. 


Since we now know that 3.6 x 10° light photons are produced per 
scintillation and how many scintillations per second we need for 
resolution and 7 grey levels, the total number of light oe per 
second will be the product: 3.6 x 102 x 108 = 3.6 x 10! /sec, and 
since 5 x 10+? photons/sec. = 1 lumen, then the output light level 
will be (3.6 x 10!3)/(5 x 1015) = 7.2 x 10-3 lumens at the output. 


Assuming the output phosphor area is 1 sq. cm, this value can be 
converted to foot lamberts, and we get about 6.77 ft. lamberts. 


lp is equivalent to about 1.3 x 108 photons/mm@ sec. If we assume 
that the input of the image intensifier is a square 10 x 10 cm, the 
exposure is r/min at the face of the intensifier is: 
(6x/sec.)(sec./min.)/(6/mm-sec.) (mm%)/cm2) 
(4x108) (60)/(1.3 x 10°) (104) = 1.8 x 1072 R/min. 


Comparing the light output of the l om” output phosphor with the 
radiation input to the 100 cm2 phosphor yields the conversion factor: 


76 ft. Lamberts/R/min. 
358/5 = i cd /M2/MR / SEC 
This number is close to the specifications in data sheets for image 
intensifiers. 


6.77/1.8 x 1072 


This has been merely a heuristic approach and not rigorous, but 
it does serve to show that these systems are not light limited, and 
that the limitation is in statistics associated with the number of 
m-ray quanta or the number of bundles of light at the output phosphor- 
unlike the normal visible light situation. 
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Optical Coupling: 


The lens that couples a light emitting surface to the camera may be 
thought of as an element on the surface of a sphere having its center 
on the surface as shown in Figure 15. 
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For such a lens, the fraction of total radiation emitted over the 
hemisphere (assuming the source to be isotropic), it will gather will 
be 2 TI rh / 2IYr2. If a statistically sufficient number of quanta 
are not gathered from the surface and coupled to the camera, then there 
will be information missing and the object is to transfer information 
not light. An objective lens alone in front of the camera will not work 
very well. Fast lenses at close-in distances will have high aberrations, 
and generally cannot be used for direct imaging. Instead, one lens is 
used as a collimating lens for the surface and a second lens is used as 
an objective lens for the camera. An optically fast combination could 
be made with a 100 mm objective lens on the camera and a 1000 mm colli- 
mator lens to focus the screen at infinity. The optical speed would be 
equivalent to about f/1.1 which would appear to give a very efficient 
light transfer. However, since the focal length is 1000 m, it would 
be 1 meter from the surface as a collimator, and if it had the same 
diameter as the 100 mm focal length £/1.0 lens, then its useful aperture 
would only be 100 mm so that the fraction of flux (due to h/r) that 
would be gathered would be only about 6 x 1073, and so for 2000 light 
photons per X-ray photon, only 2000 x 6 x 10-3 = 12 photons enter the 
lens. 
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In addition to optical numbers (f-numbers) the lens has a''t" 
number, which represents the transmission through the lens, and for 
big lenses the 12 photons (above) would be reduced to 10, and with a 
photocathode quantum efficiency of 10%, we should average 1 electron 
per photon. Poisson statistics for small numbers means that the 
probability of not getting a photon at all is about 37%. The prob- 
ability is the same for zero or 1 and also fairly high for 2 events 
(18%). Thus, there is a risk of not seeing the event at all, or of 
seeing the event at twice the scintillation brightness, so that exces- 
sive modulation of the information would occur due to the low quantum 
efficiency. One of the problems in the optical coupling of any of 
these output phosphors with systems even as fast as f/1.0 is that the 
statistical information is easily lost. 


The Delft $ouwers system uses a refractive-reflective system which 
increases the "h" in the equation but forces the focal length to in- 
crease so that a larger image is formed than can be accommodated by the 
camera tube. An image intensifier is used, not so much for its value 
as an intensifier, but as a format converter to reduce the image size 
to the dimensions required by the camera tube. While such systems have 
apertures of £/0.65 (a remarkable achievement!), the h/r value as seen 
by the input phosphor is less than 0.02 and, substituting is in the 
example above, 40 photons enter the lens. Again, t values and quantum 
efficiency reduce the detected number to an average of 3 photons. The 
Poisson probability of a zero is about 0.05% so that detection efficiency 
is good but some signal modulation due to distribution of 3, 4, 5, etc. 
detected photons does result. 
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DISCUSSION TOPIC 


IMAGE INTENSIFIERS, MODULATION TRANSFER 
FUNCTION, AND CURRENT DEVELOPMENTS 


Image Intensifiers. 


Q,.! European image intensifiers can be operated at much lower input ex- 
posure rates than U.S. models, I believe, Why is this? 


Siedbands That's a loaded question! I've measured Varian, Philips, 
Thomson CSF, and Machlett tubes, and I find that with certain restrictions 
they come out pretty much the sames if you specify certain characteristics 
from the manufacturers - you can get them. Some tubes were made with 

the input surfaces so arranged that the scintillator was on the outside 

of a thin glass layer and the photocathode on the inside, Fhilips 
developed a clever system where they bonded the scintillator to the inside 
layer of the glass envelope with an organic epoxy binder. This was then 
lightly overcoated to make a smooth surface on to which the photocathode 
was somehow magically deposited. Thus the scintillator and the photo- 
cathode form an immersion optic with no internal reflections in the 
coupling - very efficient, Varian also had a clever method: they had 

a very thin sheet of aluminum, optically polished almost to a mirror 
finish, and they deposited caesium iodide on it, Caesium lowers the 

work function of the surface, Machlett's approach has been to make the 
substrate layer very thin and, to try to get very high quantum efficiencies, 
put a scintillation layer of one of the newer scintillators, such as 
gadolinium oxysulphide, instead of the more usual calcium tungstate, 

They claim some very striking results, 


There is a very good paper from the people at Siemens that is 
quite valid in terms of optimizing the performance of image intensifier 
tubes, describing how operative parameters can be adjusted, i.e. the 
magnification ratios and so forth (Stahnke et al, Optik, Band 23, 1966). 


One of the most significant things that has improved the performance 
of some of our systems recently has been to stress to the tube suppliers 
the importance of raising the overall contrast response, particularly at 
low frequency, by doing every trick they could in the construction: 
tricks to prevent electron scatter, light scatter within the tube, make 
the output phosphor a little thinner, make the output phosphor dark grey 
to prevent lateral light scatter, choose grain size and characteristics 
of the output phosphor to minimize the generation of u/v light which tends 
to scatter - things of this nature, To ask why one system is better 
than another must always elicit the response - better for what? Two 
things we have found that in practice worsen performance is the use of 
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the wrong type of x-ray tube or filter, and the use of grids where they 
are inappropriate, 


Q,: What are the limitations on resolution with an image intensifier? 


Siedbands I think characterizing an image intensifier tube by resolution 
alone is like describing a beautiful woman by describing her left leg - 
it doesn't tell you enough, you should describe both legs, It is 
extremely difficult to describe the characteristics of any device by a 
single number, and one for resolution is particularly inappropriate, 
Gregg showed the illustration of the King of Clubs which demonstrates 
this very well* The highest limiting resolution is not the significant 
parameter, the contrast level at which the tube is to be used in practice 
is much more important, A similar problem exists with the comparison 

of 525 or 875 line TV systems, At very high contrast the 875 system is 
very useful, for example for the transmission of radiographs, but for 
image intensifier systems - especially in abdominal use - it is pretty 
bad and degrades the image rather rapidly, 50 again, this is a loaded 
question without a single valued answer, 


Gregg: It is my understanding that in such things as image intensifiers 
there are what may be called non-linear noises - noise signals that depend 
on the signal, This presumably is due to random emission generated in 
the photocathode, and not related to a quantum effect, This would mean 
that the noise at the output is not perfect ‘white noise', What is the 
magnitude of this, and how is it specified? 


Siedband: For very bright signals there is a problem that is rather 
simple in nature, The phosphor, the substrate of the photocathode 
itself, has a certain amount of surface resistivity, so that with very 
bright white flashes it is not possible to get enough current to that 
part of the photocathode that is emitting electrons, so that it simply 
will not emit any more electrons, But this occurs only in very extreme 
cases of intense white areas, Another practical problem, in the past, 
has been related to line fluctuations causing not so much a change in 
the characteristics of the noise directly, but a dynamic defocussing as 
a function of the incredible amount of power that a pulsating x-ray 
generator will have, especially for cine-radiology, Sometimes the 
power line itself will fluctuate because of the incorrect circuit 
switches used to couple the high voltage power supply to the image 
intensifier tube. To get back to the specifics of defining a term 
related to the quantum efficiency: Coltman suggested a means that we use 
which was to calculate the statistics of the arriving x-ray quanta to 
the face of the image intensifier, and then sample a small area of the 
output phosphor and try to obtain some correlations in terms of signal/ 
noise ratio at the output phosphor, Then by induction the statistical 
losses that must have occurred at the input to the tube can be determined, 


* See ‘Roentgen Television’ Gebauer ,Lissner & Schott 1967 (p .63) 
(Phe illustration is shown on the following page.) 
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Gregg: Is your output signal/noise ratio dependent on the level of the 
signal? If you double your signal, will the noise relate to the square 
root of that, or to some other parameter? 


Siedband: We haven't been particularly rigorous, but in so far as we 
have been able to measure it, it seems to be linear, and follows the 
expected rule, The quantum efficiency seems to remain constant, in- 
dependent of signal level, ‘over about two orders of magnitude, Much 
beyond that the system degrades simply because the tube saturates, 
the photocathode efficiency falls, 


Gregg! What sort of efficiency do you get? 


Siedbands: Approximately 25% statistical quantum efficiency for most 
tubes, 


Gregg: It acts like a quantum device that absorbs 25% of the incident 
x-ray photons? 


Siedbandt Yes - but this must be qualified as it is very much a function 
of the spatial frequency you are looking at and a number of other factors, 


Wright: One aspect of image intensification that has not been discussed 
is the dual 6"/9" type of image intensifier, Would you comment on the 
difference in performance in the two modes of operation? 


Siedbands The spatial frequency response in the 6" mode is generally 
better than in the 9" mode, However, the most important thing involved 
is where you use the 6" versus where you use the 9" mode, For the full 
belly, you need the 9" field and under those conditions, patient 

scatter and so on, the image resolution is degraded, If you can reduce 
scatter, by coning down, the contrast will increase and you are working 

at a different part of the intensifier tube, where the resolution is 
higher, The real advantage of the 6/9 system is that it allows one to 
optimize the TV chain (see the paper by Stahnke), If you are operating 
in the 9" mode, with a 225 mm input, reflected on to a 20 mm output surface, 
you have an 11:1 minification ratio, The output phosphor then tends to 
be the limiter to tube performance, with a worse spatial frequency 
response than the input phosphor, On the other hand, in the 6" mode, 

the minification is 73:1 and it turns out that now the input phosphor 
becomes the principal limiter to tube performance, rather than the output 
phosphor, so that the spatial frequency response in line pairs/mm referred 
to the input is substantially improved, Frankly I am of the opinion 

that all 9" systems should have dual modes and I don't see much point 

in making them much different from 5/9 or 6/9 for any system, 


Wrights Is it at all likely that we will get larger image intensifiers? 


Siedband: Siemens has a conventional 255 mm tube, and Thomson CSF have 
made tubes up to 300 mm, The limitation is just how big you want to make 
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the bottle, But the point is that when you start making the tubes very 
big they get extremely costly, and then it becomes more practical to 
take the approach that Delft uses, and that is to image a phosphor with 
extremely fast optics, then use a light intensifier and then an isocon 
or orthicon, 


Gregg: I should like to mention a point that should be emphasized, You 
found that the overall response function was a product of the individual 
elements, and this is very startling for me reason only, that product 
law holds only for linear systems - which implies that all the elements 
you had were linear - which startles me a little, considering phosphor 
response etc, 


Siedbands This is a typical engineer approach I have given, and I've 
been guilty of dreadful over-simplification, but I am more interested in 
getting within a factor of 2 of the right answer, than to within 10 or 
15%. 


Rossmanns; This is what Stahnke did - they actually measured individual 
characteristics, combined them and measured the combination and got 
good agreement, 


Castro: What equipment do you recommend to measure the input to the 
input phosphor, and the light output of the output phosphor of the 
image intensifier? 


Webster: I don't, I think this is rather difficult to do as a 

routine, People who have been experimenting with photodiodes might 
possibly develop a simple instrument for this but most people use bright- 
ness spot photometers and these require color correction before you get 

& proper answer, They are hard to use as you have to look at the final 
output phosphor, and this means disassembling the equipment and taking 

out the condenser lens and the beam splitter or whatever optical apparatus 
you have at the end of the intensifier, and it is hard to zero in on 

that 1" dot of light properly and get an accurate answer, I have done 
it, but I would not recommend doing it in any way routinely in order to 
check whether an intensifier is holding its conversion factor, or gain. 
The way we do it is to measure the exposure rate to a phantom for the 
apparatus operated as a cine system, Then if you are sure of the 
photographic techniques - same film and reasonably controlled processing - 
then you can look for a given density and measure the exposure required 
for that density. If that goes up, it is a good possibility that the 
gain has dropped, I make the exposure measurement at the table top, 

not at the input phosphor, since in that way it is much easier and you 
can measure a few R with a i10R Victoreen, rather than a few mR = but you 
have to have a standard phantom to use, 


Castros I use a standard phantom, and standard factors, but I use what 
comes out of the phantom that is at the input to the intensifier, as in 
a cine procedure, 
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Websters You can do it that way if you have a sensitive enough chamber, 
and reproducible geometry - but you have to have all the factors under 
control, or you may be misled and turn the intensifier in when it is 
really OK, Another way is to rely on the Automatic Brightness Control, 
if you have one, and essentially to use that to measure the light out- 
put from the system, and compare that with the input exposure rate 

again - that is relatively simple, Actually measuring the light is a 
more exacting method, which I do not recommend, 


Wrights How uniform are image intensifiers, Ted? 


Websters You mean from a given manufacturer I suppose, I understand 
that the quality controls are rather tight, A lot are discarded by the 
manufacturer - their specifications are very narrow, 


Wrights Could you give us some feeling as to how the brightness of the 
output phosphor decreases with time? 


Websters There have been some arguments about that, Some manufacturers 
claim their products never lose any gain, but that has not been my 
experience, as I showed in one of my illustrations, 


Siedbands: I can tell you a couple of my experiences, About 75% of the 
time the so-called image deterioration does not exist, In one case, 
where the doctor had complained that the intensifier had fallen off 
very badly, I found that on removing the collimating lens the output 
phosphor was just filthy - the output phosphor voltage is about 25-30 kV 
and so it acts like an electrostatic smoke precipitator and settles out 
all the junk in the air on to the output phosphor, Another source of 
the apparent deterioration was the case where the voltage doubler power 
supply was working as a voltage singler! Some of the new power supplies 
are oscillators and there is a potentiometer by which the voltage is 
set: this, if it is defective, can cut the image intensifier performance, 
In another case the problem was due to the doctor who insisted in 
running his image orthicon with the lens wide open, on the assumption 
that if you had the highest light sensitivity you would have the best 
rformance of the system - of course he was always scintillation limited, 
I adjusted the lens iris so that when the setting showed fully open, it 
was in fact three stops down and have had no complaints!) These sorts 
of things take care of about 75% of the apparent fall-off in intensifier 
response, the remaining 25% are real, Possible causes could be out- 
gassing, leakage, Outgassing from the larger glass and metal areas 
in the tube can poison the photocathode, Sometimes the kovar seal that 
many tubes have may have a pinhole leak that leaks very slowly. Thus 
there is a group of tubes that may fail in the first few weeks or months 
of use, In general, good hard tubes that do not have organic binders 
that may cause outgassing problems stay up in gain for years, Some of 
the original Siemens and Westinghouse tubes have been taken out of 
Storage, Pumped down, and have showed practically no degradation, although 
they are 6 or 7 years old, So, yes, there is degradation - but other 
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things are more likely to be the cause, 


Q.: Webster claimed that the limitations on image intensifiers was 
around 2 line pairs/mm, How is this measured? 


Siedband: We have measured many of our tubes at between 55 and 70 kV, 
at 1 or 2 mA depending on the apparatus, using a 0.3 mm focal spot, and 
making essentially contact prints with a Buckley Mirrors etched 

tungsten loaded copper pattern on the input face. The measurements 

are confined to a relatively small area representing about 5% of the input. 
We scan the output phosphor with a microscope which has a slit in place 
of the eyepiece and a photomultiplier tube behind it, and so get a res- 
ponse curve of the device, Unfortunately this does not give a good low 
frequency value, and so next we make a ‘veiling glare’ measurenent, 
defined as the Air Force does for lenses, We use a lead strip 1/10 of 
the width of the entrance aperture of the tube, and attempt to irradiate 
the input wiformly at the same levels as before, usually 55 kV and 1 

or 2 mA, We measure (with the microscope set up) the intensity of the 
light output in both the light area and behind the lead strip ; 

and define our contrast in the usual manner as (Ij - Ip)/(I, + Ip), and 
we define that arbitrarily also as the response at 1 line pair per cm, 
So all the curves are normalized in this way, at the veiling glare or 
normalized low frequency response, We prefer this method to the use 

of a lead disc that other people have used for a similar sort of 


measurement, 
Q,: What do you mean by the gamma of a TV system? 


Siedbands: This can be defined as the slope of the plot of the current 
versus the log of the input light for any camera tube, The problem of 
defining the contrast of a camera tube or a lens is such that it is very 
difficult to find out what the zero frequency amplitude response point 
is, and this is where we find the veiling glare measurement valuable, 

If we had to characterize a tube by a single parameter, I think we would 
choose this low frequency contrast measurement, as it can be made 
relatively easily with rather unsophisticated apparatus, such as a spot 
meter, and gives repeatable results, The veiling glare measurement is 
not very much dependent on the x-ray energies in the range 55-90 keV, 

We have found that by working on the manufacturers, by trying to optimize 
the systems to enhance this characteristic, the general acceptance in 
the field seems to have improved, 


Q.: Will you discuss where the quantum sink is in the Delft systen? 
If you are working at a quantum limited situation, is this condition in 
the screen? 


Greggs I think it is in the optics, It requires about four times the 
x-ray intensity to produce the same quality picture as you get with an 
image amplifier - where the quantum sink is in the screen = so it can't 
be in the screen of this systen, 
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Siedband: This is a messy question, I think that instead of thinking 
of the f-number of an optically coupled system, it is more instructive 

to think of it as a radar engineer would look at a radar antenna - the 
lens represents an acceptance aperture, you have a surface emitting 
visible light photons, and there is a limit to just how many light photons 
you can get per x-ray photon, The question is not what is the f-number 
of the optical coupling; the questi is what portion of the hemisphere 
is subtended by the lens coupling, and this turns out not to be a very 
big fraction even with these very fast f-0.7 systems; and it turns out 
that although you have a great number of light photons in the scintillator 
in the first place, you are lucky if you can get a couple of hundred of 
these 2,000 or so light photons per x-ray scintillation into the face 

of the image intensifier, You suddenly realize then, that the reason 
the input of the image intensifier in the Delft system is as big as it 

is, is one of optical feasibility, It becomes a question of being 
limited by the fact that there is a certain randomness in the light 
Statistics, as well as in the x-ray statistics, 


Q,.: If you could get a little better quantum efficiency in the 
scintillator and screen, then wouldn't this offer a lot of advantages? 


Gregg: This is true, but we are probably at the highest quantum 
efficiencies with our skills today, 


Siedband: People are claiming that going to the new absorbers the 
efficiency has gone from 25% to around 45-50%, 


Gregg: The real problem is the x-ray absorption, As you make these 
things thick you lose resolution, and you settle for an effective con- 
Promise, As well as good absorption, and good resolution, it is also 
necessary to have good photon efficiency, 


Siedband: Webster mentioned that there seems to be a transmission 

window in some of the tungsten based scintillators from about 55 to 70 keV, 
where the material does not seem to have very high absorption, One of 
the things that is unfortunate in most of the systems is that they simply 
have 3 mm Al filtration and a single type of phosphor with its absorption 
hole, and the system is just not optimized, There has not been a lot 

of thought given to optimizing the power density distribution of the 
x-rays - their energy distribution - or to the use of compound phosphors 
in intensifier tube to optimize these factors, 


Q.: Would someone comment on the use of grids with image intensifiers? 


Websters The scattered radiatio, as Epp's work shows, is harder at 

10 cm, depth, and on the exit side harder still, so that the HVL (if you 
want to call it that) is 7-8 mm aluminum, Whether you use a grid on an 
image intensifier depends on the sort of compromise you are willing to 
accept, With the grid you have to raise the exposure level to the 
patient for, say, a certain density in a cine system, and that is rather 
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critical, On the other hand, you improve the contrast, There is a 
trade off, Many people use a low ratio grid (5:1) on image intensifier 
systems, and I believe that that is probably a good compromise, 


Q,: Is there any possibility of x-ray emission out of the image 
intensifier barrels? 


Siedbands The image intensifier tubes operate at 25 kV. Of course, 

the front end has a lead barrier for the primary beam, and the back end 
also has a lead barrier for part of the primary beam, while immediately 
over the end of the tube is the collimating lens, which is an awful lot 
of glass, and some of it relatively heavy glass, so it also serves as 

a part of the x-ray shielding, The little bit of x-ray generatim you 
can get at 25 kV is relatively insignificant when compared to the primary 
x-ray beam that is going right through the bottle itself - it's safer 
than a TV! 


Krohmers I think we've all had experiences when we measure the barrel 

of these amplifier tubes —- of all manufacturers incidentally - om the 
curved portion where it is milled out, you can get a lot more leakage 
than out of the side barrel, I was never actually sure whether this was 
leakage coming up from underneath directly, or whether this is being 
generated in the amplifier tube and coming out of the side, You will 
notice that practically every manufacturer has a thin portion milled out 
that telescopes down, and you do get a real high leakage from that 

area, This sometimes will be reduced by coning down, 


Modulation Transfer Function, 


Wrights There is one thing that I have noticed has confused many people 
at different times, When it comes to the presentation of MIF gravhs, 
usually they are shown starting at 100, and at other times, starting much 
lower - perhaps someone will comment, 


Rossmannt By definition, and mathematically and physically, the MIF goes 
to 1 at zero cycles per mn, 


Greggs It is a condition of normalization, 


Siedbands What is important is the use of MIF, One attempts to obtain 
a contrast at any spatial frequency by taking the product of different 
MIFs for the different elements of the system and one expects to find 
the elemental contrast by taking that product, Now if all the MIFs are 
normalized to 1, you will not get a correct answer ~- so I prefer to use 
the MIF as modifying the origin of the curve at that value of very best 
contrast - you might say normalized to low frequency contrast far the 
individual device, I think that the best example I can think of is the 
case of the image intensifier itself, By saying that the MIF goes to 
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unity at zero frequency implies that it is possible to get 100% contrast 
somewhere on the image intensifier tube - I don't think this is correct, 


Gregg: I would agree with Kurt that the 1 at zero frequency is the 
condition for normalization of the MIF, Now the fact that you can't 
get 100% contrast at the output of the device doesn't mean that this 
isn't still a real point. To me, to modify the scale to take into 
account an inferior device, is a poor way of presenting things, I 
would still press for the 1, or if you prefer, 100%, 


Rossmann: I think it is a basic property by definition that the MIF is 

1 at zero frequency - one can't get around it. Let's say we derive it 
from the line spread function - look at the Journal of the Optical Society 
definitions by Inglestadt in Sweden, If the line spread function is 
defined as having unit area under it, i.e. the response due to a line 
source of unit intensity, then the MIF is automatically 1 at zero frequency, 
Or you can look at it the other way - when used as a source not of unit 
intensity then one normalizes the MIF to be 1 at zero frequency, This 

is by definition and one cannot really argue about it, 


Siedband: Let me state my thesis a little differently. By not presenting 
the curves at zero frequency - actually I presented curves down only to 

1 line pair/mm which is a fairly low frequency - I do not show curves 
normalized to 100% or 1 at the origin of the MIF, so perhaps I should not 
argue about what happens at zero frequency, But at the same time, the 
utility of the MIF or the elemental MIF is that you can take their products 
and you would expect to find, having taken that product, the best 

contrast at any spatial frequency - isn't that what you are saying? 


Gregg! Yes, if each one is 9/10, you get 81%, 


Siedband: If the curves were not normalized, but were the actual values 
of the MIF - that is, the actual values of the contrast rather than 
normalizing them to 13 you normalize them to some arbitrary low frequency 
response (the air force uses the term ‘veiling glare’) - this gives a 
starting point and keeps you from getting caught in the trap that image 
intensifier tubes and camera tubes do not have 100% contrast at zero 
frequency. In some of Coltman's experiments where he attempted to 
relate contrast to detectability in scintillation limited devices, the 
use of an incorrect value of contrast simply gave outright wrong answers, 
So by not defining this thing as normalized to 1 at the lowest frequency, 
I think we can avoid some of this, 


Gregg: I think that perhaps what you are saying is that it is just a 
matter of the terms that you use, If you use the term MIF it must, by 
definition, go to 1 at zero frequency, If you use the term ‘contrast 
function’ or ‘sine wave response’, then you can normalize this any way 
you wish and the fact that in practice you want to take the lowest fre- 
quency, and call that i, is fine - as long as you don't call it MTF, 

I think that is all that is being said, 
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Rossmann: I agree, 


Q.: What can I answer when the radiologist asks me what should MIF and 
LSF mean to him? 


Rossmanns It depends - to Moseley it means my salary, 


Suntharalingams I think this is a general question, and a lot of 
radiologists are not just wanting to know what is the MIF, but what is 
physics! A lot of radiologists are not convinced of a need for this, 
Can we do anything using these concepts and this approach, with the same 
data you are trying to collect, and go back to the radiologist and ask 
what was wrong with the 30% of the films that they scored as False 
Negatives, Could we find out if something was wrong with the quality 
of the image that could have been improved? 


Wrights: You cannot even say it is the quality of the film, If the 
radiologists read the same films again in a different order, again the 
30% error figure will appear, but it is a different 30% - some they 
missed first time around they have now caught, 


Suntharalingams Shouldn't the emphasis be in trying to minimize this 
statistical number, in terms of education? 


Rossmanni I agree, but the answer to all these questions is very diff- 
icult. I think the MIF cannot help in any practical way. There are 
people who have rated systems using MIF and said one is better because 
its MIF goes out further - I think in general that is not valid, So 

in the practical sense it means nothing to the radiologist, We are 
studying it because together with noise power spectra, H & D curves, and 
s0 forth, it can be used as a tool to understand how these physical 
imaging systems operate, and furthermore we can begin to make controlled 
experiments where we can measure physical characteristics, MIF, noise, 
Wiener spectra and contrast, and present to the radiologist radiographs 
made under controlled conditions, and then hopefully we may help his 
problems through our controlled data, But this will take a long time 
and is very difficult to do, and many factors enter into it, 


Q,: In radiation dosimetry there are similar problems, Some physicists 
are introducing concepts like kerma, and the radiologist wants to know 
what good is that to me? Some of them still want to know what good are 
rads or even Roentgens, 


Wrights I'm not sure that it is completely correct to say that the MIF 
has so far done nothing for the radiologist, A few years ago they 
tended to be snowed by the manufacturers who were looking purely at one 
end of what we would now call the MIF - maximum resolution, I think 
at least now some know that that in itself is not, by any means, the 
best determinant, and that there is more to be considered, 
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Bagnes When you have a linear imaging system, and you have a 1:1 corres- 
pondence between the input and output, it seems to me that it is possible 
to have several inputs that are separately giving the same output, In 
your Figure for instance, you show 6 peaks - why not a different number? 


Bates: This was demonstrating the convolution principle, By breaking 
the input signal up into little steps, each of which is generating the 
ISF, then your output will be the sum of all these ISFs, If you look 
at the output signal, and the system is linear, you can generate the in- 
put signal that caused it, If it is not a linear system you cannot get 
a unique solution; if it is, you can, 


Rossmanns You can deconvolve if you go the other way, You know the 
output and you know the ISF that has produced it, and you go through 
this in the reverse way and say 'I look at this as if the object con- 
sisted of many slits’ - it worked this way, and do a deconvolution 
operation and arrive at the original distribution, 


Bagnes How many slits? 


Rossmanns An infinite number - it's a mathematical concept, a continuous 
distribution of x-ray intensity and mathematically the concept is to break 
this up into an infinite number of elemental line sources (of which I 

only drew 6). So mathematically speaking, we have an infinite number of 
these images which added together give the output - it is not a physical 
concept, 


Current developments, 
Qs Would you comment on scan systems? 


Websters 1 think the indications for these are quite small, because of 
resolution and noise limitations, One of the first concerns must be the 
x-ray power necessary to get very fine resolution by using very small 
scanning beams, I believe this is the reason Mom dropped the idea that 
he pioneered in 1949, Morgan has analysed systems like this, and has 
been quite vehement in stating that there just wasn't that kind of x-ray 
power around, The systems would seem to lend themselves to rather low 
dose poor resolution examinations, but the question is, what are those 
examinations? My pet suggestion is that they could be used for pelvin- 
etry, where the resolution requirements are not very high, because you 
are really looking for distances between rather contrasty objects, such 
as the diameter of the pelvic inlet, and there is a need for a low dose 
in this examination, 


Q,.: What about the work of Ter-Fogossian with scanned x-rays looking at 
fluorescent radiation - is that useful? 
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Webster: As I understand it that would give information about surface 
structure and is not likely to give you much depth information (e.g. 
looking for Ix ~ fluorescent radiation from the thyroid gland, 


Q,! I thought you could get 3-D information, 


Websters I have not studied this and you might be correct. Hale at 
the University of Pennsylvania has used K characteristic x-rays to look 
at antimony deposits in the lung, I don't think the resolution would 
be very good, however, 


Q,! What about the scanning equipment used for checking luggage? 


Websters I have worked with that system, and the test film I showed 

used it, taking one minute to take and straining the apparatus, This 
particular system consisted of a mechanical scanner with a narrow x-ray 
beam moving up and down as the object was moved past, taking over one 
minute to complete a chest radiograph, This was not a high powered 
apparatus, and worked at 90 kV and 6 mA, under continuous load conditions, 
If you employed an interrupted technique it would be possible to in- 
crease the power, 


Q.! Would this be a useful sort of thing to do some research in - 
perhaps for pelvimetry - or don't you think it is the time yet? 


Websters I think some limited work in that area would be good, but I 
do not think a great deal of money should be put into it at this time. 
It may result in radiographs that no radiologists will look at, 


Q,! My impression is that some time ago pelvimetry was done quite 
often, but now radiologists for various reasons have backed off. What 
are the consequences? 


Websters I do not think it has had too much effect on the state of 
American health, I think it is a very important area for dose reduction, 
but so is the deletion of some unnecessary examinations - some of the 
chest and low back examinations, 


Q,: What is the state of fibre optics at this time? 


Webster: It is possible to get intensifiers with fibre optic input and 
fibre optic output. The latter seems to me a more profitable enterprise, 
because you can get much higher light output this way, and avoid the need 
for lens coupling, particularly if you couple directly to a TV tube and 
so get very high light sensitivity, With fibre optics on both the input 
and the output you tend to get interference between the two fibre optics, 
giving a chicken wire or moire pattern distortion in the pictures, 
depending on the fineness of the fibres, Another suggestion that has 
been made is to make an input screen for the intensifier with luminescent 
fibres, which would allow a relatively thick and absorptive screen with 
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high resolution, since the fibres could be 10-50 microns in size, I 
think this is an encouraging area of research, 


Wright: Could you, perhaps, couple a larger 12" input screen to a 
smaller diameter image intensifier? 


Webster: I suspect you could, but making a large, flat, fibre optic 
screen of 10 micron fibres would be a tour de force. 


Q,: You used 0.2 second for the integration time of the eye, but you 
put 120 pulses per second on the intensifier screen, Are we being 
extravagant in the amount of information we are putting on there for 
the radiologist to see and make his decision? Is it worthwhile? 


Webster: It could be that you are right, There is a group in Denmark 
who have recently produced a slow speed fluoroscopic system where you 
make an exposure and retain it on a storage system and look at it 
instead of continuously repeating the structuring of the image, and this 
cuts fluoroscopic exposure by something like a factor of 10, depending 
on what the repetition rate is, I worked om a somewhat similar system 
in 1962, but at that time there were technological problems with storage 
tubes, 


Q,: Isn't there a difficulty in trying to make the thing insensitive 
except for every 5th or 10th pulse? 


Websters Grid controlled x-ray tubes do that for you, You can make 
pulses whenever you want, and this is used for cine radiography, to syn- 
chronize with the frame rate, Pulsing probably does not make a lot of 
difference in routine fluoroscopy, in terms of sharpness of picture, but 
some difference is apparent in cine work, where you have the possibility 
of single framing, and you would like a short, sharp exposure right in 
the middle of a frame, 


Q,: Is image retention on an intensifier screen longer or shorter than 
the eye? 


Websters It is much shorter, The lag of the intensifier is some 6-8 
msec typically, 


Q,: So the slow part of the system is the eye? 

Websters Yes, in terms of lag or integration time, 

Q,: Is this equivalent to stickiness? 

Websters No, I said it is equivalent to a memory scope, Information 
comes in, builds up, and drops out the back end, Generally you gain in 


brightness, I did some crude experiments on motion, and there was no 
problem in perceiving it, if it were not very rapid, but your eye tends 
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to average, and you end up with a dull, low intensity image, 


Q.: By not pulsing are you not improving the signal/noise ratio and 
getting better information to your eye because it is integrating? 


Webster: This is true, and this was one of the problems of the system 
I was working on, that it was very noisy, The other problem that 
arises is the speed of motion you are looking at, Fairly clearly, if 
things are moving fast you really want those extra frames and you 
cannot work with one or five frames per second, 
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GUIDES AND REGULATIONS FOR X-RAY PROTECTION 


Robert 0. Gorson 


Stein Research Center 
Thomas Jefferson University 
Philadelphia, Pa. 


Ts International and national advisory bodies. 


1. International. 


Starting at the international level, the three most important 
organizations responsible for formulating x-ray protection standards 
are: the International Commission on Radiological Protection (CRP) ; 
the World Health Organization (WHO); and the International Atomic 
Energy Agency (IAEA). The oldest by far is the ICRP, active since 
the 1920s, with its first report published in 1929. The IAEA has 
produced many reports, some specifically dealing with protection stan- 
dards. The first ICRP report, on x-ray and radium protection, was 
published in the U.S. by the National Bureau of Standards (NBS). 


2. National. 


In the U.S. the standard setting organizations form two general 
groups: voluntary or advisory groups and governmental agencies that 
formulate regulatory codes. 


i. Advisory groups: 

This category includes the National Council on Radiation 
Protection and Measurements (NCRP); the National Academy of Science; 
the American National Standards Institute; and the Council of State 
Governments. These have been active over the years in establishing 
model codes or guide lines. the NCRP is the oldest organization 
active in this field, starting in 1922, with its first report pub- 
slihed in 1931. 


ili. Governmental agencies: 

Federal regulatory agencies, such as the Atomic Energy 
Commission (AEC); Department of Health, Education, and Welfare (HEW); 
Department of Defense; Commerce Department; and the Interstate Com- 
merce Commission; have promulgated specific codes based partly on 
guide lines established by the Federal Radiation Council (FRC). The 
FRC was created during the Kennedy administration to advise the 
President on radiation matters. It is now incorporated in the Envi-~ 
ronmental Protection Agency (EPA) which also has absorbed parts of 
the former Bureau of Radiological Health (BRH). The codes of particeu- 
lar interest to us are those of the AEC and the new BRH (now part of 
the Food and Drug Administration (FDA)). 
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The pattern of regulations can be traced from international levels 
(e.g., ICRP) where guide lines are established to national, state, and 
frequently city level where these guide lines may be adopted or modified 


to become specific requirements for institutions and safety regulations 
for the user. 


In 1968, following publicity over x-ray emission from some color TV 
sets, an enabling act, the Radiation Control for Health and Safety Act 
of 1968, was adppted. This authorizes HEW to adopt regulations covering 
the entire electromagnetic spectrum as well as other forms of radiation, 
and this responsibility is delegated to BRH. The most recent of these, 
regarding performance standards for x-ray machines, is currently in final 
draft form prior to being published for comment in the FEDERAL REGISTER. 
(Ed. Note: This standard was published on July 15, 1972, and is applicable 
to equipment manufactured on or after August 1, 1974). Sections of the 
standard will be discussed later in this presentation. 


II, NCRP and its reports, 


The first of the NCRP reports on X-ray protection appeared in 1931 as 
NBS Handbook 15, Table 1 lists the committee members responsible for 
that publication, many of whom are still well known. Dr. Taylor has 
Served as NCRP Director or President till now, 
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Table 1:3 


Representing International Safety Committee and 
National Bureau of Standards: 
Lauriston S, Taylor, 


Representing American Roentgen Ray Societys 


H.K, Pancoast, M.D., University of Pennsylvania 
Hospital, 


Representing Radiological Society of North Americas 
R.R, Newell, M.D., Stanford University Hospital, 
G, Failla, physicist, Memorial Hospital, 


Representing the American Medical Associations 
Francis Carter Wood, St Lukes Hospital, New York, N.Y. 


Representing X-ray equipment manufacturers 
DD, Coolidge, associate director, research 
laboratory, General Electric Co, 


W.S, Werner, secretary of Kelley—Koett 
Manufacturing Co,, Covington, Ky, 


From its inception the NCRP has been concerned about patient 
Protection, as seen below from the first report, 
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"FF, Protection of Patient 


2.03, An aluminum filter, at least 0.5 mm thick, 
shall be permanently mounted in all fluoroscopic 
and radiographic tube enclosures, 


2.04, The diaphragm of the tube container shall 
have a permanent covering of asbestos board at 
least 0,5 mm thick placed between the tube and 
filter next to the filter, 


It is recommended that for prolonged fluoroscopic 
work an accumulative timing device be used which 
will either indicate or turn off the apparatus when 
the total exposure exceeds a certain previously 
determined limit - given in one or in a series of 
exposures - assuming the same body area exposed, " 


NBS Handbook 15, pp. 4=5 


"45, Rules for Technicians, Nurses, Etc, 


15,01, A copy of these rules shall be given to 
every X-ray worker, whether temporary or otherwise, 
upon entering service, A signed receipt stating 
that the rules are understood shall be given to 
the physician in charge of the department, 


15.05. Radioscopic work should be performed in the 
minimum time possible, using the lowest X-ray 
intensity and smallest aperture consistent with 
demands, iIt is important, however, that the 
fluoroscopist use sufficient X-ray intensity so 
that he can see without eyestrain," 


NBS Handbook 15, pp. 22,23 


There are similar recommendations today, only the wording has 
been changed somewhat, Table 2 lists the relevant NCRP reports up to 
the present, regarding X-ray protection and limiting patient exposure, 
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TABLE 2 


X-RAY PROTECTION 


RECOMMENDATIONS FOR LIMITING PATIENT EXPOSURE 


Report 


ICRP No, i 
(NBS Circular No, 374) 


NCRP No, 1 
(NBS HB 15) 


NCRP No, 3 
(NBS HB 20) 


NCRP No, 6 
(NBS HB 41) 


NCRP No, 18 
(NBS HB 60) 


NCRP No, 26 
(NBS HB 76) 


NCRP No, 33 


Date 


1/23/29 
5/16/31 
7/24/36 
3/30/49 
12/1/55 
2/9/61 


2/1/68 


Number of 
Recommendations 


1 


25 


42 


66 
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III, NCRP Report 39. 
1, Basic radiation criteria, 


Repart 39 is the most recent updating of basic radiation criteria 
upon which all other NCRP reports are based and from which further 
recommendations are derived, Radiation regulations divide people 
into three classifications that are not mutually exclusive: 


4)  Occupationally exposed - where the concern is 
largely somatic (possible long-term deleterious 
effects) 3 

41) Everyone else (the general public) - where the 
concern was originally genetic although this has 
now changed to include somatic considerations. 

441) Patients (which can include all of us) - again 
the concern is both somatic and genetic but in 
this case the radiation is delivered for medical 
purposes, presumably for the benefit of the patient, 





TABLE 3: Permissible Occupational Exposure Levels (whole body) 
Prior to 1934 100 rems/yr 
ICRP (1934-50) at 0,2 rem/day 60 " 
NCRP (1935-48) at 0,1 rem/day 30 e 
ICRP (1950-56) at 0.3 rem/week 15 " 
ICRP (April 1956) 5 oo 





Table 3 summarises the changes in recommended occupational exposure levels, 
expressed in modern terminology, From 1934 the level has descended (by 
ICRP and NCRP recommendations) to the present level of 5 rem/year whole 
body exposure, (Q. In the early days were specific organs considered or 
Were the recommendations confined to 'whole body’? A, Whole body only, ) 


A number of sub-classifications now apply and are listed in Table 4, 


Ze Specific recommendations; occupational exposure, 


"Prospective Annual Limit 

(229) The maximum permissible prospective dose equivalent 
for whole body irradiation from all occupational sources 
Shall be 5 rems in any one year, For the purposes of this 


recommendation, the critical organs are considered to be 
the gonads, the lens of the eye, and red bone marrow," 


NCRP Report No, 39, p. 89 
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"Exposure of the Fetus 


(240) During the entire gestation period, the maximun 
permissible dose equivalent to the fetus from occupational 
exposure of the expectant mother should not exceed 0,5 rem," 


NCRP Report No, 39, Dp. 92 


This is a new consideration, Previously there was no specific guide 
line although many people had used 1 rem as a maximum exposure throughout 


pregnancy, 


"Sources of Information 


(162) ...e.. No one should expect his normal work to 
lead to a tangible increase in risk of birth defects of 
his progeny, that is, an increase clearly above the "noise" 
of statistical fluctuations applicable to such cases, 


(163) Information on such late effects as life 
shortening and induction of neoplasia provides source 
material for derivation of a somatic radiation dose limit 
for the general population, This topic was considered 
in detail by an ad hoc committee of the NCRP in 1959 (4), 
The general conclusions of that time remain valid, For 


purposes of conservative planning it continues to be prudent 
to assume a non-threshold linear relationship for dose 
versus effect in the region of low dose, but this does 

not justify the use of extrapolations to predict effects, 


except for gross estimates of maximum possible effects. 
Changes in basic information have perhaps made it more 


probable that such factors as leukemia induction are 
exaggerated through use of these assumptions (9), To 
partially offset this, some recent evaluations suggest a 
higher total for the aggregate of all other tumors (see 
paragraph 112), The somatic case is more complex 
because one has to consider the irradiation of several 
tissues, organs, or organ systems arising from internal 
depositions of various radionuclides or from partial 
body irradiation," 


NCRP Report No, 39, pp, 57-58 


This states one of the basic assumptions made by all standard setting 
organizations, The underlined section contains the basic philosophy, 


There is some possible confusion in the wording "linear 


relationship" which could be interpreted as a power function of unspecified 


slope, 


I don't think it necessarily implies that all the dose response 


curves could be approximated by a power function whose slope is unity, 
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3. Non-occupational expos ° 
"Specific Dose Limits for Individual Members of the 
Public Not Occupationally Exposed 
"(245) The dose limit for the critical organs (whole 
body) of an individual not occupationally exposed shall 


be 0.5 rem in any one year, in addition to natural 
radiation and medical and dental exposures, 


"Comment 


(246) This limit, as discussed in paragraphs 243 and 
244, is set in consideration of possible somatic effects, 
Because of the uncertainties in the implied degree of 
effect at this level, the NCRP strongly advocates 
maintenance of the lowest practicable level (see 
paragraph 178) of exposure, especially with respect to 
infants and the unborn,.eccees 


“Average Population Dose Limit - Genetic Considerations 


"(247) The dose equivalent to the gonads for the 
population of the United States as a whole from all 
sources of radiation other than natural radiation, and 
radiation from the healing arts shall not exceed a 
yearly average of 0,17 rem (170 mrem) per person (see 
paragraph 162)," 


NCRP Report No, 39, pp. 95-96 


Since there is no effective way to limit exposure for individual 
members of the population, the practice has been to choose a value 
hopefully several standard deviations below the maximum and set this 
aS a mean value, so that the number of people likely to exceed the 
maximum value becomes very small, One third of 0,5 rems, that is 
0,17 rem as the average population dose limit, is based here on 
genetic considerations, 


"Average Population Dose Limit - Somatic Considerations 


"(250) The dose equivalent to the critical organs (whole 
body) for the population of the United States as a whole 
from all sources of radiation other than natural radiation 
and radiation from the healing arts shall not exceed a 
yearly average of 0,17 rem (170 mrem) per person, 


“Comment 


(251) To limit the radiation-induced incidence of 
leukemia and other serious consequences in the whole 
population, a dose limit comparable with that for the 
genetic case is desirable (i), 


NCRP Report No, 39, p. 97 
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From somatic considerations the same limit is derived, based on the 
assumed frequencies at which various malignancies occur normally in the 
population and taking a conservative estimate as to the induction of 
leukaemia and cancer from radiation, This is accomplished by extrapol- 
ation down to background levels but the value is not known with any 
accuracy s0 there is no reason to adopt a value other than 0,17 rem 
(which is of the same order of magnitude as background), 


3. Dose-limiting recommendations, 


Table 4 summarizes the current dose-limiting recommendations of 
the NCRP, The first item is the prospective annual limit, However, 
should an individual receive a higher whole body exposure, then the 
second or third (retrospective) limits can be applied. In practice, in 
the medical uses of radiation, it is unusual for an occupationally 
exposed individual to receive more than 5 rems in any one year, 
Recommendations for specific parts of the body are also listed, 


A new recommendation concerns students under 18 years of age, 
namely 0,1 rem per year, 


Emergency dose limits are recommended for two degrees of 
emergency, and an age restriction is suggested, (These emergencies 
are "one-shot" deals,) Another new recommendation covers families 
of patients to whom radioactive materials have been administered, 
Here again genetic considerations dictate a lower level for the 


younger members of the family, 


Each recommendation is subject to specific qualifications listed 
in the paragraphs cited in the Table, and these should be referred to 
for further details and qualifications, 


IV, nt recommendations and Opos ormance standards con 
diagnostic X-ray equipment, NCRP 333; BRH 42 CFR Pt 78 


Some current recommendations in NCRP 33 and proposed BRH standards 
will now be reviewed, 


The BRH uses existing guide-lines and regulations as a starting 
point from which to derive performance standards, Unlike the NCRP 
recommendations it is necessary that the BRH regulations be expressed in 
precise legal language (which lawyers understand but which gives the rest 
of us some difficulty), | NCRP Report 33 introduced some changes in 
format and content compared to previous NCRP reports. Report 33 has three 
types of recommendations: 


TABLE 4 
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"TABLE 6 =~ DOSE LIMITING RECOMMENDATIONS 





Maximum Permissible Dose Equivalent for 


Occupational Exposure 
Combined whole body occupational 
exposure 
Prospective annual limit - 
paragraphs 229,233 
Retrospective annual limit - 
paragraphs 230,233 
Long term accumulation to age 
N years - paragraph 231 
Skin - paragraphs 234, 235 
Hands = paragraphs 236, 237 
Forearms - paragraphs 236,237 
Other organs, tissues and organ 
systems - paragraphs 238,239 
Fertile women (with respect to 
fetus) - paragraphs 240,241 


5 rems in any one year 
10-15 rems in any one year 


(N - 18) x 5 rems 


15 rems in any one year 
75 rems in any one year {25/atr) 
30 rems in any one year (10/gtr 


15 rems in any one year (5/qtr) 
0.5 rem in gestation period 


Dose Limits for the Public, or Occasionall 
Exposed Individuals 


Individual or Occasional - 
paragraphs 245,246,253,254 
Students - paragraphs 255,256 


Population Dose Limits 
Genetic = paragraphs 247,248 
Somatic = paragraphs 250, 251 
Emergency Dose Limits - Life Saving 
Individual (older than 45 years if 


possible) - paragraph 258 
Hands and Forearms = paragraph 258 


Emergency Dose Limits - Less Urgent 


Individual = paragraph 259 
Hands and Forearms - paragraph 259 


Family of Radioactive Patients 


Individual (under age 45) - 
paragraphs 267, 268 
Individual (over age 45) - 
paragraphs 267, 268 


0.5 rem in any one year 
O,1 rem in any one year 


0,17 rem average per year 
0,17 rem average per year 


100 rems 

200 rems, additional (300 rens, 
total) 

25 rems 


100 rems, total 


0.5 rem in any one year 


5 rems in any one year' 


wt oct Jee ty 
CG pee 


NCRP Report No, 39, p, 106 | 
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4) design recommendation, formulated with the 
manufacturer in mind; 

ii) performance standard, to assist field testing; and 

414) guide lines for the user, 


The BRH, by law, may only concern itself with category (11), 
rformance standards, Subject matter from NCRP reports 24 and 26 
NBS 73 and 76) have now been reassigned to the newer reports 33, 34, 

35 and 40 (the latter on Brachytherapy was published in 1972). 


i, Fundamental objective. 


"2.1 The fundamental objective of the medical use of 
radiation is to obtain optimum diagnostic information or 
therapeutic effect with minimum exposure of the patient, 
the radiological personnel concerned, and the general 


public,” 
NCRP Report No, 33, Pe 3% 
This expresses the underlying philosophy. 


Le Beam quality. 
"3.2.1 (a4) The aluminum equivalent of the total filtration 
in the useful beam shall be not less than that shown in the 


following table: (See also Section 3,2.2 (a). For dental 
radiography, see farthcoming NORP Report No, 35.) 


Minimum Total Filter 


Operating kVp (Inherent plus added) 
Below 50 kVp 0.5 mm aluminum 
50-70 kVp 1,5 mm aluminum 
Above 70 kVp 2.5 mm aluninun 





NCRP Report No, 33, p. 13 


The above shows the revised filter recommendations while Table 5 
shows the historical sequence of the NCRP filtration recommendations 
from the first report to the current one, 


Over the years, as the operating potential of X-ray tubes increased, 
filter recommendations increased until, by 1955 there was a uniform 
requirement of 2,5 mm Al, However in 1968 this was broken down to 
three categories, When the earlier recommendations were made there was 
little use for soft tissue radiography, but since about 1960 when 
mammography came back into practice it became necessary to lower the 
filtration requirements in order to allow for soft tissue radiography, 

In addition, a common basis for all filtration recommendations could be 
found by (a) considering volume dose as a function of added filtration, 
and (b) considering half value layers beyond the first, i.e, the energy 
Spectrum, A particular consideration was the ‘coefficient of homogeneity’ 


TABLE 5 
- CHANGE IN FILTRATION ROUTERS Cam, kisim) 
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Table 6 is the NCRP performance standard that goes with the previous 
design requirement, It lists the expected HVL for various total 
filtrations and kVp, The values carresponding to the recommendation 
are marked by asterisks, From this table may be chosen values to serve 
as performance standards when checking equipment, 


"Department of Health, Education, and Welfare 
Public Health Service 
(42 CFR Part 78) 


Diagnostic X-ray Systems and their Major Components 
Proposed Performance Standard 








Table I 
Design Measured Half-Value Layer 
operating range potential (Millimeters of 
Kilovolts Peak Kilovolts Peak Aluminum 
Below 50 30 0,3 
40 0.4 
4g 0.5 
50 to 70 50 1,2 
60 1,3 
49 1.5 
Above 70 71 2.1 
80 2.3 
90 205 
100 2.7 
110 3,0 
120 3.2 
130 3.5 
140 3.8 
150 4,1 





"If it is necessary to determine such half-value layer 
at an x-ray tube potential which is not listed in Table 
I, linear interpolation or extrapolation may be made, 
Positive means shall be provided to insure that at least 
the minimum filtration needed to achieve the above beam 
quality requirements is in the useful beam during each 
exposure, ” 


The BRH standard is derived from the NCRP Table and has been 
extrapolated to high kVps, This applies to all radiographic 
equipment, 
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"3.2.1 (4) Machines equipped with beryllium window x-ray 
tubes shall contain keyed filter interlock switches in the 
tube housing and suitable indication on the control panel 
of the added filter in the useful beam if the total 
filtration permanently in the useful beam is less than 
0,5 mm aluminum equivalent, The total filtration 
permanently in the useful beam shall be clearly indicated 


on the tube housing," 
NCRP Repart No, 33, p. 13 


The NCRP has a specific, important requirement for beryllium window 


tubes, 


These tubes may be used primarily for mammography and patients 


could be inadvertently exposed to high doses of radiation if the filter 
should be left out, 


36 


Collimation, 


"3.2.1 (c) Radiographic equipment, particularly multipurpose 
machines, should be equipped with adjustable collimators con- 
taining light localizers that define the entire field, 
Rectangular collimators are usually preferable, Means should 
be provided to produce a visible indication of adequate 
collimation and alignment on the developed x-ray film, The 
field size indication on adjustable collimators shall be 
accurate to within one inch for a source-film distance of 
72 inches, The light field shall be aligned with the x-ray 
field with the same degree of accuracy, 


NCRP Report No, 33, pp.12-13 
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This is the NCRP performance standard for collimators. The dia- 
gram refers to a 72" source-film distance, but the measurement can be 
scaled for other distances. While this standard might pose problems 
for some existing equipment, in most cases the requirement can be met. 


"(2) Visual definition. (i) Means shall be provided for visually 
defining the perimeter of the x-ray field. The total misalign- 
ment of the edges of the visually defined field with the respec- 
tive edges of the x-ray field along either the length or width of 
the visually defined field shall not exceed 2 percent of the 
distance from the source to the center of the visually defined 
field when the surface upon which it appears is perpendicular to 
the axis of the x-ray beam." 


BRH 78.213-2(d) 


The BRH requirement specifies the maximum misalignment in terms of a 
percentage of the source-skin distance (rather than as a linear dimen- 
sion), and this seems to be a reasonable approach to the problem. 


The image receptor may be greater or smaller than the x-ray field. 
If the x-ray field became too much smaller than the x-ray film, then 
retake examinations might become a significant problem, so the speci- 
fication of misalignment applies to both over- and under-size fields. 
The tolerance to be permitted by BRH is slightly greater than in the 
NCRP recommendation, 


"(e) Field limitation and alignment on stationary general purpose 
x-ray equipment. Except when spot-film devices are used, sta- 


tionary general purpose x-ray systems shall meet the following 
requirements in addition to those prescribed in 78.213-2(d): 


"(1) Field indication and alignment. (i) Means shall be 
provided to indicate when the axis of the x-ray beam is per- 
pendicular to the plane of the image receptor, to align the 
center of the x-ray field with respect to the center of the 
image receptor to within 2 percent of the SID, and to indi- 
cate the SID to within 2 percent;" 


BRH 78,.213-2(e) 
This is an important additional requirement. 


"(2) Positive beam limitation. 


(i) Means shall be provided for positive beam limitation 
which will, at the SID for which the device is designed, 
either cause automatic adjustment of the x-ray field in the 
plane of the image receptor or, if adjustment is accomplished 
automatically in a time interval greater than 5 seconds or 
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is manual, will prevent production of x rays until such 
adjustment is completed. At SID's at which the device is 
not intended to operate, the device shall prevent the pro- 
duction of x rays. 


(11) The x-ray field size in the plane of the image receptor, 
whether automatically or manually adjusted, shall be such 
that neither the length nor the width of the x-ray field 
differs from that of the image receptor by greater than 3 
percent of the SID and that the sum of the length and width 
differences without regard to sign be no greater than 4 per- 
cent of the SID when the equipment indicates that the beam 
axis is perpendicular to the plane of the image receptor. 


(iv) Positive beam limitation may be bypassed when radio- 
graphy is conducted which does not use the cassette tray or 
permanently mounted vertical cassette holder, or when either 
the beam axis or table angulation is not within 10° of the 
horizontal or vertical during any part of the exposure, or 
during stereoscopic radiography. If the bypass mode is pro- 
vided, return to positive beam limitation shall be automatic. 


(v) A capability may be provided for overriding positive 
beam limitation in the event of system failure or to perform 
special procedures which cannot be performed in the positive 
mode. If so provided, a key shall be required to override 
the positive mode. It shall be impossible to remove the key 
while the positive mode is overriden." 


BRH 78.213-2(e) 


Section (i) is a problem for the manufacturer to solve, but is obviously 
a desirable objective. It is essential that a bypass mode be available, 
as provided in (iv) and (v). It must be realized that the performance 
regulations apply only to new equipment sold in the U.S. (after a date 
yet to be determined). (Ed. Note: The effective date is August 1, 1974). 
Positive beam limitation will add to the cost of equipment - but auto- 
matic adjustment is not mandatory. Many radiologists seem receptive to 
the concept of automatic collimation. 


4. Mobile Equipment. 


"3.3.1 Design Recommendations. 
(b) Inherent provisions shall be made so that the equipment 
is not operated at source-skin distances of less than 12 
inches (30 cm)." 

NCRP Report No. 33, pe. 16 
"(2) Mobile or portable x-ray systems other than dental shall 
be provided with means to limit source-to-skin distance to 
not less than 30 centimeters." 


BRH 78. 213-2 (h) 
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Both NCRP and BRH have the same requirement (except BRH uses the metric 
systen), 


5. Fluoroscopes, 
(4) Source-Skin Distance, 





"3.1.1(b) The source-panel or source-tabletop distance shall 
be at least 12 inches (30 cm) and should not be less than 15 
inches (38 cm). The source-skin distance of image intensifier 
equipment should not be less than 15 inches (38 cm) ." 


NCRP Report No. 33, p. 7 


"(f) Source-Skin Distance, Means shall be provided to limit 
the source-skin distance to not less than 38 centimeters on 
stationary fluoroscopes and to not less than 30 centimeters 
On mobile fluoroscopes, In addition, for image intensified 
fluoroscopes intended for specific surgical application that 
would be prohibited at the source-skin distances specified in 
this paragraph, provisions may be made for operation at 
shorter source-skin distances but in no case less than 20 
centimeters, When provided, the manufacturer must set forth 
precautions with respect to the optional means of spacing, 
in addition to other information as required in 78. 213-1(h).” 


BRH 78, 213-3 (f) 


As you can see, the proposed BRH requirement follows and expands on the 
NCRP recommendations, 


(144) Timers, 


"3.1.1(i) A cumulative timing device, activated by the fluoro- 
scope exposure switch, shall be provided. It shall indicate 
the passage of a predetermined period of irradiation either by 
an audible signal or by temporary interruption of the irradia- 
tion when the increment of exposure time exceeds a predetermined 
limit not exceeding five minutes." 


NCRP Report No. 33, p. 8-9 


"(g) Fluoroscopic Timer, Means shall be provided to preset 
the cumulative on-time of the fluoroscopic tube, The maximum 
cumulative time of the timing device shall not exceed 5 minutes 
without resetting. A signal audible to the fluoroscopist 
shall indicate the completion of any preset cumulative on-time, 
Such signal shall continue to sound while x-rays are produced 
until the timing device is reset," 


BRH 78. 213-3(g) 
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Some fluoroscopés currently in the field have 6-minute timers, but this 
regulation will apply only to new equipment. The accuracy of the timer 
has to be specified by the manufacturer. 


While the BRH will be responsible for setting performance standards 
for new equipment, the user is regulated by most States, and specific guide- 
lines are given in NCRP reports. 


(441) Radiation Characteristics. 


(a) Exposure rate. 


"3.1.2(a) When the fluoroscope is operated at 80 kVp, the expo- 
sure rate measured in air at the position where the beam enters 
the patient shall not exceed 3.2 R/mA=-min and should not exceed 
2.1 R/mA min. For other fluoroscopic tube potentials, the expo- 
sure per unit charge shall not exceed the values marked with an 
asterisk (*) in Table 2, Appendix B and should not exceed the 
values marked with a dagger sign (¥). See also 3.1.3 (a) and 
(b).)." 


NCRP Report No. 33, p. 9 
(Table on next page) 


The NCRP requirement for fluoroscopic exposure rate (in air) is 
Given as a function of kVp, source to panel distance, and total aluminum 
filtration for an area (not stated) of 100 sq. cm. The values in the 
table are normalised to 1 mA, However, due to waveform differences, 
cable length and cable capacity, actual measured exposure rates could be 
t 15% of the listed values, These requirements supersede the previous 
10 R/min, limit since the exposure rate depends on how the equipment is 
operated, which is difficult to control, The NCRP has specified both 
performance standards for equipment and guidelines for the fluoroscopist. 
If a field measurement differs from the listed R/min-mA by more than 
* 15%, there may be some error perhaps in kV or mA meters, or in the 
distance or filtration, The values in the table marked by asterisks 
represent the NCRP minimum performance standard, 


“3.1.3 Guidelines for the Fluoroscopist, 


"(a) The exposure rate used in fluoroscopy should be as low as 
is consistent with the fluoroscopic requirements and shall not 
normally exceed 10 R/min (measured in air) at the position 
where the beam enters the patient. This recommendation applies 
to the use of image intensifier equipment (with or without 
television cameras) as well as conventional (direct viewing) 
fluoroscopes. (See Comment under 3.1.2(a).)" 


NCRP 33, p. 10 


"3.1.2(a) Comment. With modem equipment, most fluoroscopy can 
be carried out with exposure rates of less than 5 R/min. If a 


450 


TABLE 7 


“TABLE 21: Effect of tube potential, distance and filtration on air 
exposure rate at panel of fluoroscopes® 


Source to panel _ Fauivalent total aluminum filtration 











Potential kVp distance 1mm 2mm 2,5 3am mn 4 mn 
cm inches Roentgens_ per millianpere minute 
70 30 12 Se3 2.7 2.2* 1,8 1.3 
38 15 3.5 1,7 1.4 1.2 0,8 
6 18 2.4 1.2 1,0 0,8 0.6 
80 30 12 7.0 3.9 3.2" 2.6 2.0 
38 15 4,6 2.5 2,i¢ 1,7 1.3 
6 18 3.2 1,8 1,4 1.2 0.9 
90 30 12 9.0 5.2 43% 3.6 2,8 
38 15 5.8 3.3 2,8t 2,3 1,8 
46 18 4,0 2.3 1.9 1,6 1.2 
100 12 11,0 6.6 5.5" 4,7 3.7 


30 
38 15 7.0 4,2 3,5¢ 3,0 2,3 
46 18 49 2.9 2.5 2.1 1.6 

















110 30 12 13.1 8.0 6,8* 5.9 46 
38 15 8.4 5.1 yout = -43,.8 3.0 
6 18 5,8 3.5 3.0 2.6 2,0 
120 30 12 14,7 9.3 8,0* 7,0 5.5 
38 15 9.5 60 5,17 4.5 3,6 
LG 18 6.5 a | 3.6 3.1 2.5 
130 38 15 an 6,8 5.9 5.2 4.2 
46 18 wu | 4,1 3.6 2.9 
140 38 15 -- 7.6 6,6 5,9 48 
Lé 18 re. 5.3 4.6 4,1 3.3 
150 38 15 - 85 7.5 6.7 5,4 
LG 18 = 5.8 5.2 4.6 3.7 


~ 


Typical exposure rates produced by equipment with mediun length 
cables, derived from references (8) and (14) by interpolation and 
extrapolation, Filtration includes that of the tabletop and the 
X-ray tube with its inherent and added filter, As used above, panel 
+ means cither panel or tabletop, 

* 


See Section 3 1,2(a), NCRP 33, Table 2, Appendix B, Pe 42 
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fluoroscope meets the performance standards of this section but 
the fluoroscopist finds it necessary to operate the equipment 
routinely at exposure rates in eccess of 5 R/min, it is advisa- 
ble to check the efficiency of the fluorescent secreen by com- 
paring it with a new screen. It may be necessary to replace the 
screen, particularly in older equipment.” 


NCRP Report No. 33, p. 10 


Note that the NCRP guidelines carry the qualification "normally", A 
350 lb patient cannot be fluoroscoped readily at 80 kV and less than 10 
R/min, without excessive quantum mottle. However, if an exposure rate of 
5 R/min is routinely exceeded the user should consult a "competent expert" 
to investigate the reasons why and what corrective measure should be taken, 





TABLE 8 

FLUOROSCOPE MAXIMUM EXPOSURE RATE RECOMMENDATIONS 
NCRP Report R/min at el or at patient's skin 
No, 1 (1931) No recommendations 
No, 3 (1936) No recommendations 
No, 6 (1949) 20 (max kVp; 5 mA) 
No,18 (1955) 10 (routine fluoroscopy) 
No,26 (1961) 10 (routine fluoroscopy) 
No.33 (1968) Perf, Std.t: 3.2 R/mA-min (shall at 80 kVp) 


2.1 R/mA-min (should at 80 kVp) 


USERS : penal not normally exceed 10R/min; 
should (if perf, std, met) 5R/min, ) 





This table shows how the NCRP recommendations for fluoroscope exposure 
rate limits have changed over the years since 1%49, In 1955 and 1961 the 
qualification “routine fluoroscopy" did not specify kV or mA, This was 
confusing and led to the current performance and user standards, 


"(d) Entrance exposure rate limits - 


(1) Equipment with automatic exposure rate control. Fluoro- 
scopic equipment which is provided with automatic exposure 


rate control shall not be operable at any combination of tube 
potential and current which will result in an exposure rate 
in excess of 10 roentgens per minute at the point where the 
center of the useful beam enters the patient, except: 
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"(1) During recording of fluoroscopic images, or 


(11) When an optional high level control is provided. 
When so provided, the equipment shall not be operable 

at any combination of tube potential and current which 
will result in an exposure rate in excess of 5 roentgens 
per minute at the point where the center of the useful 
beam enters the patient unless the high level control is 
activated. Special means of activation of high level 
controls, such as additional pressure applied continuously 
by the operator, shall be required to avoid accidental 
use. A continuous signal audible to the fluoroscopist 
shall indicate that the high level control is being 
employed." 


BRH 78.213-3(d) 


The BRH proposes a 10 R/min performance standard limit with no 
override switch when automatic exposure control is provided; or 5 R/min 
with an optional override switch. Normally, any combination of kVp and 
mA must be such shat 5 R/min is not exceeded unless a higher level of 
operation is deliberately selected by explicit action on the part of 
the fluoroscopést. 


This feature (high/low switch) used to be on fluoroscopes 15-20 
years ago. No limit is specified for high level operation in the 
current standard. 


(b) Potential and Current Indication. 


"3.1.3(b) Comment. Image intensifiers may significantly reduce 
both observation time and exposure rate when properly used, but 
do not inherently accomplish this reduction. In equipment with 
automatic brightness control, the tube potential and current 
may rise to high values without knowledge of the operator, par- 
ticularly if the gain of the intensifier is diminished. It is 
important, therefore, for the operator to monitor tube current 
and potential on such equipment. 


NCRP Report No. 33, p. ll 


"3.1.1(j) Devices which indicate the x-ray tube potential and 
current shall be provided. On image intensified fluoroscopic 
equipment, such devices should be located in such a manner that 
the operator may monitor the tube potential and current during 
fluoroscopy. (See comment under 3.1.3(b).)." 


NCRP Report No. 33, p. 9 
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"(e) Indication of Potential and Current. During fluoroscopy 
and cinefluorography x-ray tube potential and current shall 
be continuously indicated. Deviation of x-ray tube potential 
and current from the indicated values shall not exceed the 
maximum deviation as stated by the manufacturer in accordance 
with 78.213-1(h) (3)." 


BRH 78.213-3 


Both NCRP and BRH consider tube current and potential indicators 
of great importance. In the field there are many fluoroscopes in which 
the kVp and mA cannot be determined by the operator. With automatic 
brightness control on image intensified equipment, the exposure rates 
can become very high without the awareness of the operator since he has 
no way to monitor the kVp or mA. 


"3.1.3(b) The fluoroscopist should know the radiation charac- 
teristics of his equipment. Therefore periodic measurements 
of table top or patient exposure rate shall be made. Patient 
exposure measurements are especially necessary on apparatus 
enploying image intensifiers in which the intensifier bright- 
ness is automatically controlled and the x-ray factors in use 
are not readily ascertained. Such measurements necessitate 
the use of a phantom in the fluoroscopic beam. 


"3.1.3(1) In cineradiography, special care should be taken to 
limit patient exposure when, as is often the case, tube currents 
and potentials employed are higher than those normally used in 
fluoroscopy. The exposure rate to which patients are normally 
subject shall be determined periodically. 


NCRP Report No. 33, p. 10-11, 12 


Perhaps the most important consideration is the need for the 
fluoroscopist or operator of any diagnostic x-ray equipment to know 
its radiation characteristics. Otherwise he may be unaware of the 
exposure he is subjecting his patients to. This requirement is being 
adopted by some States, which means that fluoroscopic equipment must 
be surveyed, more or less frequently, depending on usage. 
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(iv) 


Tube Housing Requirements. 


TABLE 9 
PROTECTIVE TUBE HOUSING 





First proposed by Braestrup (Radiology, Aug. 1938) 
(1 RHM or less than 0,2% of useful bean, 


NCRP Report No, 6 (1949) and ICRP Report III (1960), 
Therapeutic type: 1 RHM at maximum rated voltage and 
Diagnostic type: 0,1 RHM continuous current, 


NCRF Reports 33 (1968) and 34 (1970). P 
Below 500 kVp: as before (averaged over 100 cm 
at 1 meter 


O kVp or above: 0,1% of useful beam (averaged over 100 cm 
tt at 1 meter) 





This table gives a historical view of how the present values have 


evolved, 


Prior to 1938 Braestrup made measurements on new equipment 


and found that most would meet a requirement of i1R/hr at 1 meter, under 
the maximum operating conditions of kV and mA, Subsequently the NCRP 
reduced this limit for diagnostic tubes by a factor of 10 for two 


reasons 3 


(1) The dose to the patient from the primary beam is so much 
less in diagnostic examinations. 


(2) There is little problem in adding another HVL at kVp's used 
in diagnostic radiology. 


Slight modifications were made in the 1968 requirement which specifies 
the area over which measurements should be averaged. 


"(k) Leakage Radiation From the Diagnostic Source Assembly. 


The leakage radiation from the diagnostic source assembly 
measured at a distance of 1 meter in any direction from the 
source shall not exceed 100 milliroentgens in 1 hour when 
the x-ray tube is operated at its leakage technique factors. 
Compliance shall be determined by measurements averaged over 
an area of 100 square centimeters with no linear dimension 
greater than 20 centimeters." 


BRH 78.2.13-1(k) 
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The BRH has proposed the same requirement with a further limita- 
tion on the shape of the measurement area. This is not a simple field 
measurement, and the NCRP does not recommend routine checking of 
leakage radiation. The BRH is compiling a manual of checking procedures 
to accompany the performance standards. In practice, the measurements 
would be normalized to the maximum continuous mA rating for maximum 


kVp. 


(v) 


Primary Protective Barriers. 


"3.1.1¢d) The equipment shall be so constructed, that un- 
der conditions of normal use, the entire cross section of the 
useful beam is attenuated by a primary protective barrier, 
permanently incorporated into the equipment. The exposure 
shall automatically terminate when the barrier is removed 
from the useful beam." 


NCRP Report No. 33, p. 7 


"78,213-3 FLUOROSCOPIC EQUIPMENT. 


The provisions of this section apply to equipment for 
fluoroscopy and for the recording of images through an image 
intensifier. 


(a) Primary protective barrier. - (1) Limitation of 


useful beam. The entire cross section of the useful 
beam shall be intercepted by the primary protective 
barrier of the fluoroscopic image assembly at any 
SID. The fluoroscopic tube shall not produce x rays 
unless the barrier is in position to intercept the 
entire useful beam." 


BRH 78.213-3 
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V. General Guide Lines, 





1, Clinical Use. 


This is where the BRH departs from the NCRP, since the former 
organization is not authorized to make requirements concerning use. 
These NCRP recommendations cannot be enforced but they are standards of 
good practice (some of which appeared first in 1931). 


"2 4 General Guidelines in the Clinical Use of Radiation 





2.4.1 The useful beam should be limited to the smallest 
area practicable and consistent with the objectives of the 
radiological examination or treatment, 


2.4.2 The voltage, filtration and source-skin distance (SSD) 
employed in medical radiological examinations should be as 
great as is practical and consistent with the diagnostic 
Objectives of the study (5), (For dental x-ray examinations, 
see NCRP Report No, 35), 

2.4.4 Suitable protective devices to shield the gonads of 
patients who are potentially procreative should be used when 
the examination or method of treatment may include the gonads 
in the useful beam, unless such devices interfere with the 
conditions or objectives of the examination or treatment, 


2.4.5 Fluoroscopy should not be used as a substitute for 
radiography, but should be reserved for the study of dynamics 
or spatial relationships or for guidance in spot-film 
recording of critical details, 


2.4.6 Xray films, intensifying screens, and other image 
recording devices, should be as sensitive as is consistent 
with the requirements of the examination, 


2.4.7 Film processing materials and techniques should be 
those recommended by the x-ray film manufacturer or those 
otherwise tested to ensure maximum information content of the 
developed x-ray film and, where practical, quality control 
methods should be employed to ensure optimum results," 


NCRP Report No, 33, p. 5-6 


Section 2,4,5 is particularly important since it used to be common 
practice, twenty years ago, for physicians in private practice to 
routinely fluaroscope all patients who come in for routine check-ups, 


2. 
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Radiation and Pregnancy. 


"2.4.3 Protection of the embryo or fetus during radiological 


examination or treatment of women known to be pregnant should 
be given special consideration, 


Comment: Ideally, abdominal radiological examination of a 
woman of childbearing age should be performed during the 
first few (approximately 10) days following the onset of 
menses to minimize the possibility of irradiation of an 
embryo, In practice, medical needs should be the primary 
factors in deciding the timing of the examination," 


NCRP Report No, 33, p. 5 


"The Pregnant or Potentially Pregnant Patient 


(265) When radiologic procedures are planned on pregnant 
or potentially pregnant women, special consideration must be 
given to the relatively high radiosensitivity of the fetus 
in utero, particularly during the early phases of gestation, 

It is recommended that radiologic examinations of the abdomen 
and pelvis which do not contribute to the diagnosis or treatment 
of such women in relation to their éurrent illness (e.g, low-back 
examinations for employment) be restricted to the first 14 days 
of the menstrual cycle in the case of potentially pregnant 
individuals and avoided entirely during known pregnancy, 
Examinations of other parts of the body may be done at any time 
provided such examinations are conducted under conditions 
carefully designed to limit the radiation exposure to an amount 
necessary for an adequate examination, Filtration, collimation 
of the radiation beam to the anatomical region of interest and 
careful selection of technical exposure factors can significantly 
contribute to good radiologic practice and the reduction of 
radiation exposure to all tissues, 


(266) Examinations of the abdomen and pelvis that are 
deemed useful to patient care may be done at any time without 
regard for the phase of the menstrual cycle or fetal presence, 
In each case, the final decision to proceed or not to proceed 
must reside with the attending physician, in consultation with 
the radiologist when such services are utilized; that is, the 
attending physician must retain full and complete discretion to 
decide each case according to his judgement," 


NCRP Report No, 39, p- 10 
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Report No. 33 suggested limiting radiological examination of 
women of child-bearing age to the first 10 days of the menstrual 
cycle, but this has been modified in Report No. 39 to 14 days. The 
reason for the change is that the probability of a conception occur- 
ing in this time, and for the embryo to arrive at the critical ultra- 
sensitive period of its development, is vanishingly small. Fourteen 
days is considered conservative. 


‘Postponment of Conception by Irradiated Patients 


(269) It is not known whether the interval between 
irradiation of the gonads and conception has a marked 
effect on the frequency of congenital changes in, human 
offspring, as has been demonstrated in the female mouse. 
Nevertheless, it may be advisable for patients receiving 
high doses to the gonads (over 25 rads) to wait for several 
months after such exposures before conceiving additional 
offspring." 


NCRP Report No. 39, pe 104 


This is a new suggestion, made in Report No. 39, but there is 
absolutely no information one way or the other in humans whether 
delaying conception reduces congenital effects. 


3. Deliberate Exposure. 


"7.1.2 Deliberate exposure of an individual to the useful 
beam for training or demonstration purposes shall not be 
permitted unless there is also a medical (or dental) indi- 
cation for the exposure and the exposure is prescribed by 
a physician (or dentist)." 


NCRP Report No. 33, p. 32 


This is another new recommendation, included for the first time 
in NCRP 33. 
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DISCUSSION: (Answers supplied by Bureau of Radiological Health) 


Q: 
A: 


I> bo 


1 


How can the public affect the BRH regulations? 


After they are published in the Federal Register, there is in- 
variably a period (30 to 60 days) when comments can be made by 
individuals or groups, and these comments will be considered by 
the Bureau. Already various groups have commented. 


Are these performance standards for after installation? 


The responsibility rests with the installer, and the standards 
apply for the useful life of the equipment, assuming a preven- 
tive maintenance schedule has been provided and followed. This 
would be covered by a service contract. 


Do the regulations apply to old or resold equipment? 


The regulations apply to new equipment manufactured or assembled 
on or after the effective date of the standard. (Ed. Note: The 
effective date of the standard is August 1, 1974). The applica- 
tion of the standard to old equipment resold and reassembled 
(manufactured) after the effective date is under review by legal 
counsel of DHEW. 
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DISCUSSION TOPIC 
FILM BADGES 


Q,: Where do you tell people to wear their film badges? 


Krohmers There's a bag of worms! The.one thing I thought we had 
decided on in NCRP 33 - but it never got said - was that certainly one 
place not to wear it is on the outside of an apron, That was the 

only agreement we could get within this group of people on this Committee, 
on this topic, as I recall, I have some strong feelings myself, and I 
think all you have to do is to evaluate what is likely to be done with 
the badge reading at some later date, The reason we wear the badge is 
just to see if people are carrying out good practices that are equivalent 
to those carried out by others, Unfortunately, that is not what a 

lot of people think the badge is worn for, and it can get used in a 
legal proceedings, I don't care where you wear the badge - if you wear 
only one it is assumed that it indicates a total body dose - and I don't 
think you can argue with that, You can tell a lawyer that you decided 
that the only place that you were exposed was on the wrist, so that was 
where it was worn, but he will ask what is the total body dose? and you 
have no other estimate, So a single badge reading will be assumed to 
be total body reading, If the body is mainly covered by an apron we 
know that a significant fraction hasn't received the dose recorded at 

the wrist, so the reading is unnecessarily high, Bushong has suggested 
that the badge be worn at the neck, as that gave the highest percentage 
of the permissible dose - but the permissible doses are not divided up, 
although it 1s known that a portion of the trunk can sustain a higher 
dose, permissibly, than the whole trunk, It is ny feeling that if you 
want to know the dose at some other part of the body than from chin to 
knees, you wear a second badge at that point of interest, If there 

are two, then one is total body and the other elsewhere, if there is only 
one, it's total body, I tell our people to wear it near the middle 

of the trunk of their body during fluoroscopy, whether they wear an 
apron or not, 


Gorsont I think you have to ask yourself first, what is the purpose? 
There are usually two purposes - normally not spelled out - and varying 
from one person to another, The primary purpose, as I see it, is to 
monitor the radiation environment of the employee to see whether or not 
there are any unusual situations, Now if at the same time the reading 
is such that it is less than the MPD, you are not much concerned and can 
record it as the upper limit for the individual even though it may be 5 
or 10 times what the actual (whole body) dose was, If your purpose, how- 
ever, is to accurately read the exposure to the individual, say the bone 
marrow dose as the significant dose, then it ought to be worn over the 
sternum, and recorded that way in the log, S50 really, I think, you can 
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do anything you want, depending on your purpose, as long as you record 
what the policy was and what the reading was - under the apron, or out- 
side, as long as the record allows someone to go back and determine 
where it was, 


Q,: Where would an isotope technician wear their badge? 
Gorson: I would probably wear it on a shirt pocket, 
Krohmer: And have another one for the hand, 


Wright: At our institution the Radiation Safety Officer provides some 

of us - in addition to the commercial film badges - with film badges which 
they monitor themselves, Thus for isotope technicians, radium handling 
and such work we have this additional monitoring, I recall a survey I 
made in Canada in a couple of hospitals, that showed the highest badge 
readings were received by neurosurgeons and the lowest by the radio- 
therapists who did the radium insertions - the neurosurgeons wore theirs 
outside the aprons, and the therapists left their in the locker room when 
they changed for the O.R.! 


Gorsont One thing that must be realised about film badges is that not 
only are they difficult to interpret (particularly retrospectively a 

year or s0 later) but you should not expect too much accuracy and rel- 
jability from them, A few years ago we were involved temporarily in 
providing radiological physics services at another institution in 
Philadelphia and when we went over their film badge records it turned out 
that the average values were twice those in our institution, We could 
find no reason why this should be s0, so we changed the film badge service, 
and the values dropped by 50%, Such a variation is not unusual to find, 


Q,: Gorson mentioned that he would just like to know that the exposure 
was below the MPD, We have enough evidence that normal radiologic 
procedures can be carried out well below the MPD, so wouldn't you like 
to know a bit more precisely? 


Gorsons I did not mean I was content if it was just below the MPD, say 
100 mRem in 1 month, I think we would be concerned if people consistently 
got anything around that figure, but normally it is more like 50 mRem or 
even less - so I don't care if it is 25 or 10 or 1, I know it is not 
much higher than 50 and may be much lower, I do care if it is 300 - 
particularly if it's an operation where in the past no ome got that, 


Krohmers Certainly the experience of most of us is that the radiological 
procedures in therapy, diagnosis, nuclear medicine, radium, can be carried 
out with doses well below the presently set maximum doses, and when you 
find somebody out of line, that is when you look for it - and that, to me, 
is the main purpose of wearing the badge, I do question, Bob, when you 
say that you wore it over the sternum or where-ever - legally I believe 
that if there is only one badge, that will be taken as a whole body 
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exposure wherever it has been worn because there is nothing else to use 
as an estinate, 


Gorson: Many people probably do not record, when the film badge reports 
come in, the explanation for anything unusual, The Radiation Safety 
Officer should record his investigation - perhaps the badge was left 

in the x-ray room during fluoroscopy, so the report can be considered 
erroneous ~ at that time, so that the explanation is valid. Such a 
comment would not be valid if made two years retrospectively, 


Krohmer: If you know of some incident - say the badge was worn during 
dental examination - and you know this before the badge report comes in, 
that is the ideal time to record the incident, so subsequently there will 
be no question about it, I get the person to write a note about the 
incident and I have it witnessed, and dated, After the report is seen, 
I'm sure the explanation carries less weight than if it can be made 
before the report was made, I believe this is a very good way to do 


things, 


Waggener: I find that the use of film badges by the new residents during 
fluoroscopy gives me a useful handle to tell them about the inverse square 
law - and the advantage of backing up if they are not doing the actual 
manipulations, It also helps persuade them to get their heavy foot off 
the pedal, The badges are useful in educating the fluoroscopist, and 
after a while the numbers start coming down quite well, 


Wrights Heart catheterization rooms can pose a problem for protection, 
and I remember one installation where all the technicians were equipped 
with badges, and lead rubber aprons, including the girl who always stood 
with her unprotected back towards the x-ray table as she operated some 
of the electronics, 


Stantons I think that both aspects of the question have been touched on, 
Jack has emphasized the legal aspect, which I think cannot be overestimated, 
One of the reasons we are hired by the institutions is to help them keep 
out of trouble, I tend to agree with wearing the film badge in a 
representative torso dose location, and if you are concerned with anything 
else, invest an extra 60¢ or so a month for an extra badge, I think it 

is almost mandatory to have two badges for people engaged with special 
procedures, especially since this is often outside of your own department, 
where there may be less control of the situation, 


Waggener: If they get too high exposures you will find they begin to leave 
their badges in their offices or somewhere —- you still may not have control 
of the situation, unless you can see how they are used, 


Krohmer: I've found, at several places, that those under 35 wear the 
badge at the waist, while those over 35 wear it on the collar, This 
gets back to the most critically exposed part of the body, Under 35 you 
are worried about offspring, over 35 you are worried about eyes, In 
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terms of a practical, empirical type of decision, this is about the 
easiest, without overloading the logistics of two badges and recording 
where each is worn, When you worry about 400-500 badges, twice a 
nonth, you want to reduce this to a minim, 


Stanton: You say twice a month? 


Krohmers For people on special procedures, and new residents - the 
old ones get one badge a month, and I would prefer even one badge a 
quarter, 
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DISCUSSION TOPIC 
LOW DOSE TECHNIQUES 


Wright: A few years ago, when image intensifiers first came in, there 
was a big cry to use as little radiation as possible, then a little 
later the problems of quantum limitations were better recognised and 
now the pendulum has swung to a position where the feeling seems to be 
‘Let's use as much radiation as is necessary - but not more than that’, 
so that now there is a move for certain examinations where you do not 
need so much information to accept a poorer picture, Would you 
comment Ted? 


Webster: I think the move is embryonic but it is a question that the 
medical profession particularly needs to consider, The radiologists 
have not been too willing to throw any information away - this was 
mentioned by Brown at the AAPM meeting in Houston, For years 

radiology was considered to be a non-destructive examination technique - 
for humans - and that philosophy is dying very hard, 


Wrights I mentioned this because the Marconi system you referred to 
has the ability of getting a large increase of electronic sensitivity, 
giving an extremely noisy picture, but for some procedures - the early 
stages of a catheterization for instance - this is fine as you can cut 
down on dosage considerably. 


Websters: There is clearly some room for some low dose techniques, These 
are quite specialized at the present time, and only have potential to be 
used in "special procedures", e.g. the use of 70 mm spot films which 

the Dutch and the Swedes have been advocating for years, has only caught 
on in this country for GI work, where the resolution requirements are 
rather low, They have not caught on anywhere for cerebral angiography 
or any kind of technique for looking for fine vascular detail in the 
brain, I think that maybe the new generation of image intensifiers 
which is imminent may extend the use of intensifiers for this purpose, 
However, until you get a large screen system functioning, it seems to 

me that their use would be somewhat limited since for both chest and 
abdominal work a 9" diameter circle is restrictive for radiography, 


Krohmers If you decide upon a low-dosage, low-resolution system you 
presuppose a knowledge of what is wrong with the patient, and radiologists 
have for years gotten a lot of peripheral information in the course of 
running studies, so I think it requires a little bit of caution to make 

an absolute decision, Pelvimetry I would not argue with, but I can 

think of other cases where it might be a risky thing to predecide that 

you are going to get along with low resolution, simply because of low 
dose, You just might detect a lot of law suits, The medical field has 
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been much more loath to make errors of omission than of commission, and 
I'm not sure this isn't the right way to do things, They hate to omit 
any benefit because the benefits far outweigh the risks, Twenty years 
ago things were rather different, now the radiologists think considerably 
about the hazards involved and weigh them against the possible benefits, 


Fields: As a follow-up I'd like to ask if there is anything to be gained 
by the continued use of photofluorographic (PF) equipment? Do they 
still serve a purpose today, or not? 


Webster: The general answer again is that it is a risk versus benefit 
situation, What, for example, is the yield of TB in a particular comn- 
unity where this is going on? I believe this is the time to review this 
sort of thing and also to explore alternative mechanisms to find TB cases 
with lower dose techniques, because there is really no excuse to pump 
0.5 rads into someone's chest when you can do it with say 10 mrads 
relatively easily, This is a case of technology again, If we did 
have a light intensification system, for instance, you could substantially 
reduce the dose, and you do not need to have a very expensive light 
intensifier to hook on to a system like this, You could get equivalent 
resolution to the present system with much lower dose without putting 
the price up, 


Q,: What would prompt the radiologist to use the new system - there is 
no information improvement? 


Webster: You might ask what prompted him to use the Odelca system which 
reduced the exposure level to only about four times the usual chest x-ray 
dose - to 40-50 mR when it had been 500 mR, That reduction was due to 
efficient optics and it is in widespread use, even though it does not 
dominate the market, I think the prompting comes from the experience 

of people using these things, and besides, it is not only the radiologist 
who is involved, there are TB associations, city health officials, the 
Public Health Service, all of whom make decisions, If they wanted to, 
they could outlaw the PF unit - if it could be justified, 


Castro: What about the routine of 6 monthly mammographic examinations - 
which may go up to 48 rads? The PHS recommended this method and a 
great number of women are involved, 


Websters I am not in favour of it, 


Kelley: I think that the PF units and the mammography situations are 
completely different things, One is a method that has been employed for 
many years while the other is a very experimental diagnostic technique, 
How universal is this being done - is it an isolated group of hospitals 
where there are certain key individuals who are interested in it or is 

it being done countrywide? 
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Castro: Some hospitals have a tremendous number of women attending 
every six months, 


Websters I understand that in New York a clinic is using a thermographic 
unit as a screening technique and then doing the x-ray examination on a 
much more limited population, 


Wright: That was the subject of a scientific exhibit at the RSNA in 
1970, If I remember correctly their work on thermography showed that 
they were doing almost as good by routine thermography as they were doing 
by routine mammography, although the two techniques are not absolutely 
comparable, 


Q,: Caesium iodide screens have been mentioned as giving better resol- 
ution and it seems that a thicker screen would reduce the dose, I 
wonder if the PHS or some other body would go in the direction of 
recommending the use of something like this for dose reduction? 


BRH Rep,: First of all it would not be the PHS, but the FDA, The BRH 

is now located there, with an added emphasis on working in the diagnostic 
area with what funds are available, We have now been split away from 
the environmental aspects, What you are suggesting would require a 
research study for which, at present, few funds are available, Currently 
we are working on the problems of standards, and these relate at this 

time to electronic circuits and associated conditions, and not to the 


image receptors, 


Q.: If the government were to issue regulations to the VA hospitals, to 
push for dose reduction, and recommend types of equipment that would give 
this result, then the government installations could give a lead in 

this matter, 


BRH Reps: Possibly this might be a future activity, but at present, 
Because of limitations in personnel we are not doing anything in this 
area, 


BRH Rep.: We also want to be consistent with the theme of 

the meeting, It is not just dose reduction all by itself, but dose 
reduction consistent with continued quality in the job we are trying to 
do, Just using screens may give you less dose, but will also give you 
less resolution and less detail, 


BRH Rep,: There is a lot of experimental research that would have to 
be done before we could make statementsthat a certain item "shall be 
required", 


Webster: There are commercial aspects to the low dose question, There 
are a lot of manufacturers of image intensifiers and they want to have 
good selling points, and it is better to sell ‘higher resolution' than 
‘low dose’, I think that a sad commentary on society - but a fact, 
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Wright: You can sell residents on the advantage of coning down in terms 
of getting better resolution as a result, They just won't buy it 
just as a means to reduce dose, Most of the things we do in diagnostic 
radiologic physics result in compromise - contrast versus latitude, 
spot size versus choice of mA and so on, but for once, when it comes to 


coning down we can gain both on the swings and the roundabout —- and get 
lower doses and better films, 


468 


MEASUREMENT OF GONADAL AND BONE MARROW 
DOSE FROM DIAGNOSTIC X-RAY EXAMINATIONS 


Edward R. Epp, Ph.D. 
Division of Physical Biology 
Sloan-Kettering Institute for Cancer Research 
New York, New York 


Introduction 


During recent years much attention has been paid to the radiation 

levels to which populations as a whole are exposed, and it was concluded 
by the United Nations Scientific Committee on the Effects of Atomic 
Radiation (1) that, in those countries where extensive medical facilities 
exist, the radiation given for medical purposes makes the largest artificial 
contribution to the irradiation of the population, This problem has been 
Studied in several countries using different approaches, In the United 
States the Public Health Serie) carried out a survey the results of 
which were correlated to laboratory measurements (3) to arrive at an 
estimate for the genetically significant dose to the population, In 
Britain (4) a somewhat more direct approach was used, At a large number 
of different hospitals ionization chambers were placed near the scrotum to 
record the actual exposures received during radiographic examinations, 
For females indirect measurements had to be utilized, During radiographic 
examinations of female patients measurements were made of the exposure 
received by the skin by an ionization chamber fixed to the skin with 
reference to a particular anatomical landmark, Through depth dose 
measurements made on cadavers the ovarian exposure could be determined 
from the measured skin exposures, In New York City, Heller et al., (5), 
by characterizing the output of a large number of x-ray machines through 
various on-site beam measurements, correlated this information with 
laboratory data supplied by our laboratory at the Sloan-Kettering Institute 
(6,7) and was able to produce estimates of the genetically significant 

ose : 
In addition to the determination of gonadal dose, the problem of 
Obtaining bone marrow dose in view of the possible associated somatic 
hazard has to be considered, Relative to this problem it is unfortunate 
that, at present, we know very little about the biological effects of low 
doses, Estimates of such effects are usually derived by extrapolation 
from doses at levels much higher than those encountered in diagnostic 
radiology, Thus, it is difficult to determine quantitatively, with any 
certainty from radiobiological experiments, the biological significance of 
the dose to the bone marrow or to the reproductive regions, 


The Experimental Apparatus and Method 


Some years ago we undertook a program at the Sloan-Kettering Institute 
to make laboratory measurements that would be useful in Predicting both 
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bone marrow and gonadal doses for various diagnostic examinations, 

Bone marrow doses cannot be measured in vivo, so one is committed to some 
indirect system immediately, With this in mind a realistic human phantom 
was constructed at Memorial Hospital (9). (This was constructed before 
such phantoms were commercially available.) This phantom contained a 
human skeleton, the bones of which were filled with beeswax to replace 
marrow, Cork of specific gravity 0.3 simulated lung and unit density 
Pressdwood was used for the bulk of the phantom constructed relative 

to various anatomical cross sections, Ionization chambers could be 
Placed in a special block simulating the scrotum, Using a drawer system 
ionization chambers could be placed inside the phantom body for measuring 
bone marrow and ovarian exposure. For marrow exposure determination 
chambers could be inserted directly inside bone and the exposure 

recorded by these chambers would reflect the attenuation of photons by 
bone, Several positions were available to represent the ovaries, 

Since it was appreciated that these are somewhat mobile and can be in 
different positions when a patient is standing up or lying down, 
Initially, the phantom had six specific measuring sites available for 

the insertion of detectors, four in the spinal column: C4, T6, T12 and 
L53 and one each in the sternum and ilium, Subsequently the phantom 

was modified by the provision of other sites for detectors, so the full 
list included the original four in the vertebral column, two in the iliun, 
two in the ribs and one in each of the following: the ischium, the 

head of the femur, the sternum, and the cranial cavity, to give a total 
of twelve, 


The x-ray unit was a Picker 130 kVp, 500 mA, four valve, full-wave 
rectified diagnostic machine with electronic timing and current 
stabilization, The inherent filtration was 0.5 mm Al, The unit could 
be operated under a range of specific conditions from 40 to 130 kVp, for 
various current settings from 25 to 500 mA, The electronic timer was 
monitored using an appropriately coupled scalar to count the number of 
60 cycle pulses from the primary of the high tension transformer, The 
Primary voltage and the tube current meters on the control panel were 
continuously monitored, 


For the detector a small ionization chamber that would approximate 
reasonably to a point measurement of exposure was designed by Garrett and 
Laughlin (10), In the energy region associated with diagnostic X-rays, 
the energy response of ionization chambers is a major problem, Wall 
attenuation in the diagnostic region can cause a chamber which is good 
for the therapy region to behave poorly, Attempts were made (10) to 
design a chamber to have a flat energy response and to exhibit no 
dependence on the direction from which it was irradiated, With a 
thimble ionization chamber, most of the ionization is due to "wall" 
electrons set into motion by photon interactions in the walls of the 
chamber, However, in addition, some photons will penetrate the walls 
and interact with the chamber gas producing "gas" electrons, At high 
Photon energies the “wall” electrons predominate, but as the photon 
energy is decreased the ratio of wall/gas electrons shifts and the gas 
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electrons start to become important, This effect can be used to 
flatten out the response, The Memorial ionization chamber was a right 
circular cylinder 3 cm long and 1 cm in diameter, with a wall thickness 
of 1mm, The material used was conducting polystyrene, i.e, 
polystyrene pre-mixed with carbon, The central electrode was of the 
Same material and was supported by a Teflon insulator, A Baldwin- 
Farmer condenser ionization charging system was used to charge and read 
the chambers, The method used to flatten out the response depends on 
the different effective atomic numbers of air (7.6) and of conducting 
polystyrene (5,7), At the lower energies, the higher atomic number 

of the air tends to compensate for the attenuation in the wall, and, 
since the photoelectric cross-section depends on Z3, this can be a 
powerful balancing effect, Thus, with an appropriate choice of 
dimensions, this effect can flatten the energy response of the chamber, 
By locating the insulating support for the electrode near the center of 
the chamber, rather than at one end, it is possible to reduce consid- 
erably any directional response variability, as asymmetric attenuation 
is thereby avoided (10), The third possible problem with an ionization 
chamber of this type is dose-rate dependence, Measurements with this 
chamber showed, in fact, no evidence of a dose-rate dependence up to 
about 14 R/sec, In practice, the upper value used in radiography is 
around 10 R/sec, 


Figure 1 shows the energy response of the chamber compared to other 
chambers over a range of 0,1 mm Al to about 8 mm Al, It should be 
Yecalled that the other chambers whose responses are shown are designed 
for the therapy region and are very good there - the Memorial chamber 
would be useless at therapy energies. 


Figure 2 shows a polar plot of directional dependence of the 
Memorial chamber contrasted to that of the Baldwin-Farmer chamber, 
The latter has a pronounced indentation due to the position of the 
electrode support, 


Q. Is this a so-called tissue equivalent chamber and does it have 
the same composition as the standard man’? 


A, It could, but really doesn't matter since we are measuring 
correctly the exposure in tissue, in R, with scattered radiation 
fully accounted for, From this we can go directly to an 
absorbed dose in rads, The difference in Z was deliberately 
chosen to balance response rather than to match with tissue, but 
what is measured is exposure in tissue, 
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Figure 1: Energy response of the Memorial conducting 
polystyrene chamber and the Baldwin-Farmer BD 11, 


IONIZATION CHAMBER DIRECTIONAL RESPONSE 
TO X-RAYS OF HVL «18 mm Al 





Figure 2: Directional dependence of the Memorial chamber 
and the Baldwin-Farmer BD 11 chamber, 


472 


Results, 


1, The PA Chest Examination, 


The postero-anterior chest examination, using a 72" target-film 
distance, is one of the most common diagnostic radiographic examinations, 
In the study conducted in this laboratory (6) we wished to study 
quantitatively the influence of various parameters varied over wide 
ranges on the exposure received by critical areas, In this particular 
examination, beam collimation can have a tremendous influence on gonadal 
dose, It is possible to exclude the reproductive regions entirely 
from the useful beam but it is, of course, not possible to avoid 
irradiating bone marrow by both primary and scattered radiation, 

The parameters which were varied in this study were: field alignment, 
field size, tube kilovoltage and added filtration, To make our measure- 
ments independent of film type, screen or grid, or even what a radiologist 
might consider to be a good film, all the measurements to be described 
are expressed in terms of mR/mAs, The results will be presented in 
tables or graphs from which, by interpolation, a value of exposure in 
roentgens or absorbed dose in rads per mAs corresponding to the choice 
kV, filter, or field size for the particular technique used could be 
obtained, These values, when multiplied by the actual mAs used in the 
examination, would then give the value of exposure or absorbed dose, 

For bone marrow exposure there is an additional complication introduced 
by the uneven distribution of bone marrow throughout the body, so that 
measured exposures have to be weighted in accordance with the amount of 
active bone marrow present in the areas irradiated, The range of 
parameters used in the PA chest examination are listed in Table 1, 
Arrangement A is the case of good collimation where the field size is 
restricted to the film size, Arrangement B differs only in the field 
size which is now much larger than necessary - 33" diameter at the filn, 
It is sad to say that even in 1971 (10 years since this work was 
published) such a system as B is still in use quite widely, Case C 
represents the same large field size but now the beam is misaligned down- 
wards through an angle of 1° from the horizontal, With a young adult 
female, this could bring the ovaries close to the edge of the primary 
beam, Arrangement D represents an even worse misalignment, a 5° down- 
ward tilt of the central ray, and now even the scrotum is in the useful 
beam, Our object was to assess quantitatively the exposure to critical 
regions for these different cases, 


Tables 2 and 3 list the results obtained at 10 measuring sites for 
the Arrangements A and B for a number of kVps and added filtrations, 
With Arrangement A (the 14" x 17" field) at 60 kVp, the exposures measured 
at L5, iliac, ovary and scrotum are very low (Table 2), of the order of 
0,001 mR/mAs, These points are clearly outside of the useful beam. 
For a technique using an x-ray tube output of 10 mAs, this would mean an 
actual exposure to these sites of 0.01 mR, The other positions listed in 
this column are obviously in the useful beam, For the larger field size, 
for example Arrangement B at 60 kVp with 1 mm Al added filtration (Table 3), 
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TABLE 1 


RANGE OF PARAMETERS FOR POSTERO-ANTERIOR CHEST EXAMINATION MEASUREMENTS. ‘TARGET-FILM-DISTANCE EQUAL TO 72 IN 


Tube voltage Field size and alignment 
(kVp) 


tN» 


Field size equal to film size of 14x17 in. provided by heavily 
shielded collimator. Horizontal beam alignment. Scrotum and 
ovaries outside useful beam. 


Ww) p= 


Field size at film equal to 33 in. diameter circular field provided 
by standard cone. Horizontal beam alignment. Scrotum and 
Ovaries outside useful beam but ovaries in penumbra of 
useful beam. 


1 
3 
3 
1 
2 
1 
2 
1 
3 


1 

1 

3 

1 
°3 
“2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 





Field size at film equal to 33 in. diameter circular field provided 
by standard cone. Misalignment of 1 deg. downward intro- 
duced. Scrotum outside useful beam, but ovaries just wholly 
included in useful beam. 


Field size at film equal to 33 in. diameter circular field provided 
by standard cone. Misalignment of 5 deg. downward intro- 
duced. Scrotum just wholly included in useful beam, and 
ovaries well in useful beam. 





TABLE 2 
ExPOSURE DOSE MEASUREMENTS FOR POSTERO-ANTERIOR CHEST X-RAY EXAMINATION 
ARRANGEMENT A: 14 x 17 IN. FIELD SIZE AT TARGET-TO-FILM DISTANCE OF 72 IN. HORIZONTAL ALIGNMENT 





120 kVp 







60 kVp 80 kVp 100 kVp 





Added Added Added Added 
filtration filtration filtration filtration 
mm 2-1 mm Al 1°3 mm Al 
H.V.L. H.V.L. H.V.L. 
2°1 mm Al 2°8 mm Al 2-5 mm Al 
mr/mAs 
1-2 2:4 4:8 
0-023 0-082 0-18 
0-20 0:55 1-2 
0-074 0:20 0-49 
0-36 0-86 2-0 
0-35 0-83 1-7 
0-002 0-007 0-016 
0-002 0:007 0-016 
0-001 0-004 0-011 
0-001 0-002 0-005 





X- achine exposure dose-rate: Target-chamber distance, 50 cm. Field size at chamber 8 cm diameter circular field. 
Kilovoltage 80 VE Added filtration 2 mm aluminium. Tube current 25 mA pulses. Measured exposure dose-rate 


21 mr/mAs. 
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TABLE 3 


EXPOSURE DOSE MEASUREMENTS FOR POSTERO-ANTERIOR CHEST X-RAY EXAMINATION 
ARRANGEMENT B: 33 IN. DIAMETER CIRCULAR FIELD AT TARGET-TO-FILM DISTANCE OF 72 IN. HORIZONTAL ALIGNMENT 





60 kVp 


Added Added Added 
Chamber filtration filtration i filtration 
position 1-0 mm Al : . : 
H.V.L. 
1:6 mm Al 

mr/mAs 
Skin 2:3 ° 
Exit 0-036 0-18 
C-4 0-33 1°1 
Sternum 0:10 0-46 
T-6 0-52 1-7 
T-12 0:52 1-7 
L-5 0-17 0°62 
Iliac 0-12 0-47 
Ovary 0-040 0-19 
Scrotum 0-006 0-028 


the values at positions previously in the beam have increased a little 
but the L5 value has gone up from 0,002 to 0,17 (4,e, almost 100 times), 
the iliac value has increased 60 times and the ovarian exposure has in- 
creased 40 times, Similar trends can be seen by making intercomparisons 
between other columns in these tables, At 100 kVp the values tend to be 
Somewhat higher because of the presence of more scattered radiation which 
will be more penetrating since the incident energy is higher. Table 4 
shows data for Arrangement D, where the misaligned large field was 
directed downward at a 5° angle, In particular, when comparison is 

made to the values in Table 2 the exposure to the scrotum has increased 
by more than two orders of magnitude, 


| TABLE 4 
EXPOSURE DOSE MEASUREMENTS FOR POSTERO-ANTERIOR CHEST 
X-RAY EXAMINATION 


ARRANGEMENT D: 33 IN. DIAMETER CIRCULAR FIELD AT 
TARGET-TO-FILM DISTANCE OF 72 IN. CONE TILTED 5 DEG. 
DOWNWARD 


Added filtration Added filtration 
2:0 mm Al 3-0 mm Al 
H.V.L. 2:7 mm Al |H.V.L. 4-3mmAl 


SCOCO™s9] | 
WO > Cr =) mt = PD 
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TABLE 5 


RATIO OF GONADAL EXPOSURE DOSE FOR A PARTICULAR ARRANGEMENT TO GONADAL EXPOSURE DOSE FOR ARRANGEMENT A® 


Added Added 
filtration filtration 
tmm Al [ 2mm Al | Tmm Al | 3mm 





® These ratios have been calculated from the original measured values of mr/mAs before the figures had been “‘rounded-off”’. 


In Table 5 we see the ratios of gonadal exposures for the various 
arrangements, This can be done without concern for the actual mAs values 
that would be used for particular techniques, This is because the data 
are expressed in mR/mAs and as we change the field size from A through D 
only a small change in mAs for comparable films would be required. This 
can be neglected to a first approximation, Thus, if we consider the 
effect of increased field size on ovarian exposure (i.e. B/A), bringing 
the ovaries into the penumbra of the useful beam increases their exposure 
by about 30 times for the 60 kVp beam with 1 mm Al added filtration, 

If the large field is slightly misaligned (i.e. C/A) the ovarian 
exposure has gone up by another factor of 3. For Arrangement B and C 
the exposure to the scrotum has not increased nearly as much but with 

the badly misaligned beam - arrangement D - there is an enormous 400 fold 
increase (i.e. D/A), As can be seen from the tables, all these ratios 
depend on the quality of the beam used. So here we have observed 
quantitatively the strong influence that beam size and alignment can 
exert on the exposure to the gonads for the PA chest examination, It 

is obvious that direct irradiation of the gonads by the primary beam 


for the chest examination should never be necessary, even and especially 
for children, 


Figure 3 shows plots of gonadal exposure as a function of kVp on a 
log/log plot for the various parameters that were listed in Table 1. 
The data can be represented by straight lines, and the different ratios 
for the four arrangements are obvious - that for D being some 400 times 
that for A, While the mR/mAs values as shown are higher for 120 kVp 
than for 60 kVp, it should be emphasized that they must be aultiplied 
by the actual mAs used in a particular case to get the actual exposure 
in aR, In a comparison of mAs values to give optimum films at different 
kVp we obtained the results shown in Table 6, These must be taken into 


account if actual values of gonadal exposure in mR are to be compared 
for various beam qualities. 
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Figure 3: Measured gonadal exposure dose in mR/mAs as a function of 
kilovoltage for various field arrangements and added 
filtrations, Postero-anterior chest radiography, 
Target-film-distance 72 in, 
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TABLE 6 


RaTIO OF MAS VALUES REQUIRED TO PRODUCE THE OPTIMUM CHEST X-RAY FILM IN A SERIES RELATIVE TO THE VALUE FOR 80 KVP, 
2 MM OF ALUMINIUM ADDED FILTRATION 


60 kVp 80 kVp 100 kVp 120 kVp 


Added Added Added Added 
filtration filtration filtration filtration 


Beam 
quality 1 mm Al 2mm Al 1 mm Al 2mm Al 1 mm Al 3 mm Al 3 mm Al 


2:7 3-3 0-92 1-0 0-42 0-68 0-36 





Exposure to the bone marrow depends on the distribution of active 
marrow throughout the body, A distribution of active bone marrow is 
shown in Table 7. This table is based largely on the results of 
Mechanik (11) who determined the fractions of active bone marrow present 
from a study of 13 cadavers and on the findings of Custer and Ahlfeldt(12) 
and Custer (13), Modifications made to Mechanik's original measurenents 
by Ellis (14) involved averaging over age to allow for the observed de- 
crease of marrow activity with increasing age. The active marrow weight 
is taken to be 1000 gm and to have a percentage distribution as shown, 


TABLE 7 


DISTRIBUTION OF ACTIVE MARROW IN THE ADULT HUMAN BODY 


Percentage® 
distribution of 
active marrow 


Ribs 1-4 
Ribs 5-8 
Ribs 9-12 


Cranium 
Mandible 


Scapulae and humeral heads and necks 
Clavicles 


Sternum 


( Sacrum 

; . Os coxae 

Pelvic region Femoral heads 
and necks 


Cervical vertebrae 
Thoracic vertebrae 
Lumbar vertebrae 


Total 





* The digit beyond the decimal cannot be regarded as significant. 
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The data are listed to an unjustified degree of accuracy and are open to 
future modification, Even if the average distribution of active marrow 
should prove to be different, these data can always be reweighted in 

the future to allow for an improved estimate of the active bone marrow 
distribution, From Table 7 it can be seen that the pelvic region 
accounts for some 40% of the total active marrow, while about 28% is in 
the vertebral column, and some 12% of the active marrow is in the cranium, 
Using these weighting factors it is possible to calculate average active 
bone marrow absorbed doses in g-rads/mAs as shown in Table 8, 


TABLE 8 


AVERAGE ACTIVE BONE MARROW ABSORBED DOSE IN GRAM-RADS PER MILLIAMPERE-SECOND FOR VARIOUS TECHNIQUES OF POSTERO- 
ANTERIOR CHEST X-RAY EXAMINATION 


es ee 


Approximate 
added 


filtration 


Arrangement A 
Arrangement B 
Arrangement C 
Arrangement D 





® Head considered out of useful beam. 
+ Head considered in useful beam (t.e., short person). 


These represent values of integral absorbed dose, After obtaining the 
average exposure value at each site, and, knowing the spectrum of the 
radiation (15,16), it is possible to convert from an exposure in 
roentgens to an absorbed dose in rads; the conversion factor used was 
0.89, Table 8 shows the effect if field size and misalignment on the 
dose to bone marrow for the PA chest examination, Thus, through the 
increase in field size from A to B (i.e. from 14" x 17" to 33" diameter) 
the bone marrow dose approximately doubles for all the beam qualities 
due to the increased irradiation of the pelvic region, After such a 
large increase in field size it is seen that misalignment does not 
increase the amount of active bone marrow irradiated appreciably. In 
Figure 4 the same information is shown graphically, Again most of the 
data is linear on the log/log plot and interpolation is straightforward, 
As before, to obtain the actual absorbed dose for a particular technique, 
the interpolated value for the field sise, kVp and filter must be 


multiplied by the actual mAs used to yield the absorbed dose in 
granm-rads, 


2. The Lateral Chest. 


Similar experiments were carried out for the lateral chest examination, 
Table 9 shows exposure measurements for arrangements A and D at 90 kVp. 
Again there is a large increase in ovarian exposure (100 times) but the 
exposure to the scrotum has only increased some 80 times (compared to the 
400 times increase in the PA case), due to some shielding by the limb 


Figure 4: 
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Average active bone marrow absorbed dose in gram-rads/mAs 
as a function of kilovoltage for various field arrangements 
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TABLE 9 


EXPOSURE DOSE MEASUREMENTS FOR LATERAL CHEST X-RAY EXAMINATION. KILOVOLTAGE 90 KVP. TARGET-TO-FILM DISTANCE 
EQUAL TO 72 IN. ADDED FILTRATION 2 MM. OF ALUMINIUM. HALF-VALUE LAYER 2:8 MM. OF ALUMINIUM 


Chamber position Arrangement A 
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bones, Table 10 shows the ratios for the different field arrangenents. 
There is still some dependence on field size and alignment but this is 
less than for the PA chest examination, Table 11 gives the active 
bone marrow absorbed doses, and again a doubling as a result of the in- 
crease in field size from Arrangement A to B is noted. 


TABLE 10 


RATIO OF GONADAL EXPOSURE DOSE FOR A PARTICULAR ARRANGE- 
MENT TO GONADAL EXPOSURE DOSE FOR ARRANGEMENT A 


2 mm AI added filtration 
Gonadal exposure dose ratic 


Ovarian 
Scrotum 


Ovarian 
Scrotum 





AVERAGE ACTIVE BONE MARROW EXPOSURE DOSE FOR VARIOUS AVERAGE ACTIVE BONE MARROW ABSORBED DOSE IN GRAM-RADS 
ARRANGEMENTS OF LATERAL CHEST X-RAY EXAMINATION PER MILLIAMPERE-SECOND FOR VARIOUS ARRANGEMENTS OF 


LATERAL CHEST X-RAY EXAMINATION 






2 mm Al added filtration 








2 mm Al added filtration 


Arrangement A 

. Arrangement B 
Arrangement C : Arrangement C 
Arrangement D Arrangement D 





* Head considered out of useful beam. 
t Head considered in useful beam (1.e., short person). 
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3. The AP Pelvis 


Similar measurements have been made for other types of examinations, 
specifically the pelvis, hip and lumbar spine, It was for these 
examinations that the extra sites, mentioned previously, were added to 
the phantom, In Table 12 data are presented for the examination of the 
pelvis (AP), In this case, Arrangement A used a 14" x 17" field at a 


TABLE 12 


EXPOSURE DOSE MEASUREMENTS FOR ANTERO-POSTERIOR PROJECTION OF PELVIS 


Arrangement A: 14x 17 in. field size ; ; 
Arrangement B: 25 in diameter circular field } at target-to-film distance of 40 in. 







70 kVp 
Added filtration 


90 kVp 110 kVp 
Added filtration Added fitration 
1 mm Al 2 mm Al 
mr/mAs 
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X-ray machine exposure conditions. Target-chamber distance, 50 cm. Field size at chamber, 10 cm diameter circular field. Kilovoltage, 80 kVp. 
Added filtration, 2 mm aluminium. Tube current, 25 mA pulses. Measured exposure dose-rate, 19-9 mr/mAs. 


target-to-film distance of 40" while Arrangement B was a 25" diameter 
circular field - which is apparently still commonly used, Since we are 
irradiating the pelvis by design, variations would be expected to be much 
less dramatic, for both the ovaries and the scrotum would be in the 
useful beam even for arrangement A, As a result the increase in 
exposure with field size at the various sites is only around 10-15%, 

All the listed sites, with the exception of T1i2, are in the useful beam 
at all times and Ti2 is also included in it for Arrangement B, The 
determination of the absorbed dose to the active bone marrow is done as 
before, In Figure 5 is shown a plot of exposure in mR/mAs for the 
ischium, For other sites in the useful beam similar straight line 
relationships are obtained on the log/log plots for both of the 
Arrangements A and B, Figure 6 shows the integral absorbed dose to the 
active bone marrow for the AP pelvic examination, In this case the 
increase in active marrow dose from A to B was about 17%, much less than 
the doubling found in the chest examinations, The plots can be used to 
derive the appropriate factor for any kVp or added filtration within the 
range Of the experimental data, Figure 7 shows the gonadal exposures 
for this examination, For the male there is some dependence on field 
Size, The exposure could be reduced by shielding, or exclusion of the 
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3.0 A.P. Pelvis 
10.0 A.P. Pelvis 
8.0 
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Figure 5: Measured ischial Figure 6: Average integral dose 
exposure dose in mR/mAs as a absorbed by the active bone marrow 
function of kilovoltage for in gerads/mAs as a function of 
various field arrangements and kilovoltage for various field arr- 
added filtrations, Antero-posterior angements and added filtrations, 
pelvic radiography. Antero-posterior pelvic 
Target-film-distance 40 in, radiography, 


Target-film-distance 40 in, 


male gonads, but this is not possible for the ovaries, The ovarian 
exposure is of the order of 4 mR/msAs at 80 kVp, and, of course, this 
same figure could be used to estimate fetal dose from this procedure, 
At the Memorial Hospital a typical technique for the AP pelvis was 
68 kVp with 2 mm Al added filtration and an exposure of 75 mAs, By 
interpolation of the curves in Figure 6 the values of 0.5 and 0,55 
gm-rads/mAs are found for the two Arrangements A and B, and, 
multiplying these by 75 mAs, gives 38 and 42 gm-rads for the two 
arrangements respectively, For this same technique the ovarian 
exposure would be 150 mR and the scrotal exposure would be 300 ak 
for Arrangement A, If the scrotum were excluded from the useful 
beam, the exposure could be reduced by a factor of 5, Addition 

of a 0,5 mm lead shield would reduce it still further, 
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A.P. Pelvis A.P. Pelvis 


10.0 
8.0 


6.0 
5.0 


4.0 


3.0 


Gonadal exposure dose (mr/mAs) 


2.0 





1.0 


0 50 070 © 110 “@ 0 070 9% 10 

Peak kilovoltage Peak kilovoltage 
Figure 7: Measured gonadal exposure dose in mp/mAs as a function of 
kilovoltage for various field arrangements and added 
filtrations, Antero-posterior pelvic radiography. 
Target-to-film distance 40 in, 


4, The AP Lumbar Spine. 


The last example is for the AP projection of the lumbar spine, 
Here (Table 13) Arrangement A is a 10" x 12" field at a target-filn 
distance of 40" while Arrangement B is a 25" diameter circular field, 
In Arrangement A, the ribs, T6, and the sternum are excluded from the 
Primary beam; the scrotum is also essentially out of it. With arrange- 
ment B the exposure to the ischium increases greatly while other sites 
such as the ribs and the sternum now receive appreciable radiation, 
The net result is that more of the vertebral column is irradiated, to- 
gether with more of the ribs and the pelvic area, This results in a 
sharp increase in the ratio of the absorbed dose by the bone marrow for B 
compared to A, particularly at the high kVp, where it is 70% greater, 
This can also be seen in Figure 8, This increase is less than with the 
PA chest but is still very appreciable, The scrotal exposure also 


increases in Arrangement B compared to Arrangement A but there is only a 
small increase in ovarian exposure (see Figure 9). 
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TABLE 13 


EXPOSURE DOSE MEASUREMENTS FOR ANTERO-POSTERIOR PROJECTION OF LUMBAR SPINE 


Arrangement A: 10 x 12 in. field size 
Arrangement B: 25 in. diameter circular field 


at target-to-film distance of 40 in. 





60 kVp 


Added 
filtration 











10 | 6:5 7-0 | 20-0 | 21-4 | 14-1 | 15-0 | 31-5 | 33-5 | 23-1 | 24-5 

0-92]; 0-15] 0-77] 0-67; 2-8 | 0-59] 2-4 1-4 | 5:4 1-2 | 4:9 

0:93} 0-61] 0-81] 2-2 | 2:7 | 2:0 | 2:4 | 4-6 5°5 42 | 49 

0-72] 0-42} 0-62] 1-6 2°5 1°5 2-1 3-2 | 4:9 3:2 | 4:2 

0-30; ~0 | 0:25] ~0 | 0:96] ~0 | 0-87) ~0 | 2:1 0 | 1:9 

0-49; ~0 | 0-45] ~O | 14 | ~O0 | 1-4 | ~O0 | 3-2 A | 3-0 

1°8 1-0 1°5 3:2 5:0 | 2:8 43 5°7 | 9:3 5°5 7-7 

0-46} 0-30} 0-40] 1:1 1:6 1-0 1-4 | 2:3 3-2 | 2:2 3-0 

0-32] 0-18] 0-28] 0-73] 1:2 | 0-67] 1-1 1:6 2°5 1-5 2-3 

0-18; ~0 | 0:16] ~0 | 0-63} ~0O | 0:57; ~O | 1-4 | ~O |] 1:2 

30 | ~0O | 24 | ~0O | 7:6 A | 6:5 A | 14:5 A | 12-4 

1-4 | 0-89] 1-2 3:0 | 3-8 2°5 3-3 5:5 73 49 | 6:2 

D4 1-7 | 0-02] 1-2 | 0-06; 3-5 | 0-05] 3-0 | 0-13] 5-9 | O-11] 5:1 

Ds (mr/mAs) : 0:23 | 0-41] 0-77) 1-4 | 0-67] 1-2 1-7 3-0 1-5 2:5 

Ds (g-rads/mAs) 0-20| 0-36 69} 1:2 | 0-59] 1-0 1°5 2°6 1°3 2:2 
B/A_.. ang 1-80 1-74 1-70 1-73 1-69 
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Figure 8: Average integral 
dose absorbed by the active 
bone marrow in g-rads/mAs as 

a function of kilovoltage for 
various field arrangements and 
added filtrations, Antero- 
posterior lumbar spine 
radiography, 
Target-film-distance 40 in, 
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A.P. Lumbar A.P. Lumbar 


B} 


Gonadal exposure dose (mr / mAs) 
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Peak kilovoltage Peak kilovoltage 


Fig, 9: Measured gonadal exposure 
dose in mg/mAs as a function of 
kilovoltage for various field 
arrangements and added filtrations, 
antero-posterior lumbar spine 
radiography. 

Target-film-distance 40 in, 
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Using a Memorial Hospital technique for the AP lumbar spine of 68 kVp 
with 2 mm Al added filtration and 75 mAs, the average marrow integral 
absorbed doses would be 23 and 40 gm-rads for the A and B Arrangements 
respectively (from Figure 8), The scrotal exposure increases from about 
2 to about 140 mR with this field size increase (from Figure 9). 


Application of These Results. 


In this way detailed measurements have been made (6,7) of the dose 
absorbed by the bone marrow and by the reproductive organs of a realistic 
human phantom exposed to various radiographic examinations of the chest, 
pelvis, spine and hip, These measurements have been made over a range 
of parameters including kilovoltage, filtration and useful beam size, 

By interpolation estimates of bone marrow and gonadal exposure can be 

made for any procedure using parameters within the range studied, These 
measurements will have a dependence on phantom size, However, Heller (5) 
has developed a method for combining his field data from the New York 

City survey with the data from our laboratory (6,7) to provide a 
determination of the genetically significant dose to the population of 
that city, 


References, 


1. Report of the United Nations Scientific Committee on the Effects 
of Atomic Radiation, General Assembly, Official Records: Seventeenth 
Session, Suppl. No. 16 (A/5216), 


2. Population Dose from X-rays, U.S. 1964, Estimate of Gonad and 
Genetically Significant Dose from the Public Health Service X-ray 
Exposure Study, October 1969, no, 2001. 


3. Unpublished Progress Report, Research Grant RH-0085 “Dose Distrib- 
utions in Diagnostic X-ray Procedures” by R.H. Morgan submitted to 
the NIH on September 30, 1963. 


4, Ministry of Health, 1960, Radiological Hazards to Patients 
(H.M.S.0,, London), 


5. M.B. Heller, J.F. Terdiman:and B.S, Pasternak, 1966, British Journal 
of Radiology, 39, 686, 

6, E.R, Epp, H, Weiss, and J.S, Laughlin, 1961, British Journal of 
Radiology, 34, 85. 


7. E.R. Epp, J.M. Heslin, H, Weiss, J.S, Laughlin, and R,.S, Sherman, 
1963, British Journal of Radiology 36, 247, 


8. B.S. Pasternak and M.B. Heller, 1968, Radiology 90, 217, 


9. JS. Laughlin, M.L. Meurk, I. Pullman and R.S. Sherman, 1957, 
ae Journ, of Roentgenology, Radium Therapy and Nuclear Medicine, 
78, 961. 


487 


10, R, Garrett and J.S, Laughlin, 1959, Health Physics, 2, 189. 

11, N. Mechanik, 1926, Z. ges. Anat., 79, 58. 

12, R.P, Custer and F.E, Ahlfeldt, 1932, J, Lab, Clin, Med., 
17 


13, R.P, Custer, 1949, Atlas of Blood and Bone Marrow (W.B. 
Saunders Co, ). 


14, R.E, Ellis, 1961, Physics in Medicine and Biology, 5, 255. 


15, B.R. Epp and H. Weiss, 1966, Physics in Medicine and 
Biology, j1, 225. 


16, E.R, Epp and H. Weiss, 1967, Radiation Research, 30, 129. 


488 


PATIENT DOSAGE CONSIDERATIONS IN DIAGNOSTIC RADIOLOGY 
Robert 0. Gorson 


Stein Research Center 
Thomas Jefferson University 
Philadelphia, Pennsylvania 


A. Need for Patient Dose Limitations.* 





There are three reasons why it is necessary to be concerned about 
the limitation of patient exposure in diagnostic radiology: 1) gonadal 
exposure that may lead to genetic mutations; 2) fetal exposure, and the 
exposure of potentially pregnant women that may lead to congenital 
defects or to leukemogenesis; 3) somatic exposure of the individual that 
may lead to accelerating of the aging process, and to carcinogenesis. 


When it comes to estimation of the magnitude of these risks from 
diagnostic exposures, practically nothing is known, directly, for man. 
About the only effect that has been documented to some extent is the 
increase of leukemia, particularly childhood leukemia. One important 
piece of information that is lacking is the amount of radiation required 
to double the spontaneous mutation rate. Various estimates have been 
made of this quantity, in the range 10-100 rads per generation, for 
humans. For mice, experimental evidence puts the doubling dose in the 
range 30-80 rads. The National Academy of Sciences - BEAR Committee - 
came up with a "best guess' of 50 rads per generation (30 years). 
Russell, from data in mice exposed acutely, calculated a mutation rate 
of 25 x 10 ~ per locus per rad. Until recently it was assumed that the 
mutation rate for mice, and for humans, was a linear function of dose 
but now it is recognized that this is not, in fact, the case for mice. 
Presumably for humans, it is probable that the mutation rate is very 
dependent on both dose, and dose rate. The NAS-BEAR Committee recomm- 
ended, in 1956, that every effort should be made to keep the annual 
gonadal exposure to the individual from all sources of radiation, 
including background, down to 0.33 rads per year. 


Childhood leukemia is probably very dependent on the magnitude of 
exposure as well as on the time of exposure. About all that can be said 
is that there is correlation between the increased incidence of leukemia 
and certain diagnostic studies. The natural incidence of leukemia for 


*Since the time of this presentation, several comprehensive review reports 
dealing with assessment of the biological effects of radiation have been 
released by the United Nations (77), National Academy of Sciences (78), 
and others (National Council on Radiation Protection and Measurements) 
are in preparation. For a review of radiation effects on the embryo, see 
reference (19). 
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babies who were not exposed in utero is about 440 x 10 ie while the best 
estimate for those exposed in utero - from a number of clinical studies 
(MacMahon) - puts this up to 620 x 1076, and hence the risk per rad 
(assuming an extrapolation down to low exposure rates) of from 60 to 
90x 10° per rad. 


_, 48 far as total leukemia is concerned, the total incidence is 60 x 
10 per year, and the estimated radiation induced rate is 2 x 10 ~~ per 
rad per year, as given by E.B. Lewis. Linus Pauling estimated that the 


rate due to background radiation (0.1 rads/year) alone was 6.6 x 1076/yr. 


For carcinogenesis a number of estimates have been made but there is 
actually no data at all at diagnostic levels of radiation exposure to 
support them. The observed incidence is 2,800 x 10° per year. Pauling 
and others have assumed that 10% of the natural incidence is due to back- 
ground radiation, and accepting this assumption, and a background radiation 
level of 0.11 rads/year, this leads to an assumed incidence of 2,800 x 
10" per rad. 


Regarding teratogenesis, we know nothing at all about this in humans, 
but in mice and rats exposures as low as 5-25 R given during a very crit- 
ical period - around 8-12 days gestation - is the minimum that will pro- 
duce malformations in a very small percentage of the animals exposed. 

We really do not know the effects from the radiation levels received from 
ordinary diagnostic examinations. 


B, Sources of Exposure, (Figure 1) 
365 ren mrem/yr 


Occupational Exposure 


Recommended and Consumer Products 2 
Max, Avge 
Dose Equiv, Residual Fallout 2 
Nuclear Power Reactors 0,1 
195 


Medical Sources 


(Medical) (estimated) (dose to trunk) 70 
125 

Internal Radioactivity 25 

(swckenouna) — Cosmic Rays LO 

: —-From air and ground 60 


Total (1971): 200 
Balance (unused) 165 





TOTAL: 365 


Oo ——— 
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The various sources of radiation exposure - background, broken down 
into its components; medical exposures; nuclear power reactors 
(negligible); residual fallout (very small); occupational exposure - are 
shown in Figure 1, together with the balance up to the level which 
represents the maximum permissible average exposure for the general 
population - in terms of the genetic hazard. The total average back- 
ground is 125 mrem/year; the estimated contribution from medical sources 
is 70 mrem/year (to the trunk, not the whole body). The NCRP and ICRP 
Recommended Maximum Average Dose Equivalent for the Population - excluding 
background and the medical sources - is 170 mrem/year. It is apparent 
that at present there is still some additional room available if we were 
forced to use it. Much of this exposure is chronic exposure, and in 
Figure 2 this has been condensed at a scale that allows values of 
100 rem/year to be shown as well. 


Approximate threshold of 


365 ren/yr detectable effects in mice 
‘ : ‘ L a wt. rem/ yx 
20 LO 60 80 100 
Figure 2, 


100 rem/year is the minimum chronic radiation exposure level in animals 
that is known to have a detectable deleterious effect - the approximate 
threshold, in mice, for life shortening and leukemogenesis. The 
difference between the amount of radiation that the population is 
exposed to now, and the amount that is known to produce a deleterious 
effect in animals from chronic exposure, is a ratio of about 500:1. 

It has to be kept in mind, however, that practically all the medical 
examinations involve not chronic exposure, but something closer to 
acute exposure. 
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C. Physical Factors Affecting Patient Dosage. 


Figure 3 shows schematically the various factors that must be 
considered in estimating the exposure to a patient. 


f = target-skin distance 

t = patient thickness 

d = patient-film distance 

X = lateral distance from the edge 
of the beam to point P 

Y = depth of point P from the 
beam entry 

A = field size 

Dy= incident exposure 

D.= exit exposure 

De= film exposure 

S = film-screen sensitivity 

R = ratio D4/D, 


Patient 


Film 





Figure 3, 


The skin dose will be given by: 


n 
D, =z k fate S(A) 


where V is the kilovoltage, I is the mA and T is the exposure time; 
S(A) is the back scatter factor, and n is close to 2, depending on the 
kV. 


The dose at the detector will be given by: 


nh 
D. = k vit 5 eP Baa) 
(f +++ a) 





where p is the effective attenuation coefficient for the particular 
quality of radiation, and B(A,d) is a term to account for the scatter 
part of the radiation. 
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The exit dose will be given by: 


- KVIT .-pt 


7 (£ ++)* on 


If we look at the ratio R, we have: 


_ Dy e++\ +t 8 
R = De FF )e"" BCA) 


If we consider each of these factors, it is apparent that the 
patient exposure can be minimized by increasing f, decreasing t (but 
you cannot reduce patient thickness). The exponential term depends 
on the thickness of the patient, and on p, which is a function of 
several variables, including the atomic number and density of the ab- 
sorbing material (that we cannot do much about), and the energy of the 
radiation which will depend on the operating voltage and the added 
filtration. R can be minimized by increasing KV, or increasing the 
filtration, or a combination which increases the HVL. The ratio of the 
Scattered radiation to the build-up factor is a complicated function 
that we shall not consider further. 


D. A Collection of Pertinent Data. 


This collection of tables, graphs and diagrams provides in one 
place a compendium of basic data that has been assembled from a variety 
of sources. This data should be of value in providing the answers to 
many of the practical problems that arise when patient dosage in 
diagnostic radiology has to be estimated. The data is cross-referenced 
to some particular topics or parameters. 
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Topic Reference Number* 
Genetically Significant Dose (GSD) 1, 2, 3, 4, 5, 6, 7, 9% 
Gonadal Dose 8, 9, 11, 13, 16, 23, 26. 
Marrow Dose 1, 9, 10, 13, 
Fetal Dose 12, 
Patient Incident dose (D,) 17, 18, 19, 20, 23, 25, 26, 27, 

28, 29, 30, 31, 32, 37. 

Ratio Entrance/Exit Dose (R) 24, 25, 36, 37. 
Integral Dose (volume dose) 24, 43, 44, 
Film Characteristics (incl, Dp; S) 26, 45, 46, 47, 48, 49, 50, 
Visual Performance 51. 
Basic Data 21, 31, 32, 33, 34, 36, 37, 38, 


(BSF; Output; Transmission Data; 39, 40, 41, 42, 
Depth Dose; Isodose Curves, ) 


Effect of kV 18, 23, 27, 28, 29, 30, 31, 32, 
35, 43, 44, 45. 

Effect of HVL 19, 23, 25, 28, 29, 30, 42, 43, 

Effect of Distance (f) 20, 22, 28, 29, 30. 

Effect of Beam Size (A) 13, 14, 15, 16, 17, 21. 

Conversion Data 23, 25, 26, 27, 28, 29, 30, 35. 





*Sources for this material are listed at the end of the paper. 


E, Some comments on the References, 


1) GSDs3 Gonad and Bone Marrow Dose, 


Reference 2 lists the GSD for various countries, but it is of 
interest to compare this with Reference 4 where the GSD has been recal- 
culated after making some different assumptions, If the population 
distributions of the other three countries were the same as for the U.S,, 
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their GSD would be increased; thus New Zealand and Sweden have an 
aging population compared to the U.S., which explains their original 
low GSD. If the birth rates had been the same, the GSD for Sweden 
would have increased very markedly. If the examination frequency for 
all four countries were the same, again the values for the other 
countries would be changed. When the effects of population distrib- 
ution, birth rate, examination frequency, are considered, then the 
U.S. value of the GSD can be compared in a more valid manner to other 
countries. Reference 3 considers how the U.S. estimate of the GSD 
may change depending on three assumed increased rates of examinations, 
assuming other factors stay constant. The 4.5% per annum is probably 
reasonable, and if the birth rate remained the same, the population 
distribution remained the same and no improvement in technique occurred, 
then by 1990 the GSD would be up to 256 millirads. However, in fact, 
the birth rate is not currently staying constant but is decreasing, so 
this will be an over-estimate(20). 


Some information has recently become available from the 1970 PHS 
study which indicates a lower GSD for the U.S. In the Same study it 
has become apparent that there has been a marked reduction in beam area 
since 1964 which has obviously had an effect on the GSD, References 
5-16 list the data on exposures contributing to the GSD; gonadal, 
bone marrow, and fetal doses, as well as showing some of the factors 
that contributed to the GSD in the U.S. in 1964, Most of this expo- 
sure is seen to come from examinations of young males, and most of this 
comes from examinations of the lumbar spine, The survey did not 
include radiologic examinations of members of the Armed Forces, and 
if this were included the position would be somewhat worse, 


2. Entrance/Bxit Dose Ratio (R). 


Reference 24 is a plot of the ratio R for 10 and 20 cm parts for 
a range of kVp (based on a table presented by Webster), This shows 
dramatically one advantage of high kV techniques (as does Reference 11 
for a specific case), On the same graph is also presented information 
from Reference 44 of the integral dose (normalized to a constant exit 
dose) as a function of kVp, taking the 50 kVp as 100%, 


Relative Volume Dose 
kVp 50 75 100 125 150 
% 100 Sh 23 12 7 


Integral dose falls with kVp, but not as rapidly as does the 
ratio R, 


References 33-42 from Trout and his co-workers provide more inforn- 
ation on this ratio as well as the more familiar presentations in the 
form of central axis depth dose data and sample isodose curves, 
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3 Incident Exposure, 


References 27-30 (including some unpublished data) from 
McCullough and Cameron, give exposure rates (mR/mAs) as a function of 
kVp, total filtration and FSD calculated using a modified version of 
Kramer's rule and can be compared to the values in NCRP 33 (References 
31 and 32), The comparison of experimental and calculated data shows 
very good agreement, 


4, Dose Outside Primary Bean. 


Four references; 13, 16, 25 and 42, give some indication of the 
magnitude of dose outside the primary bean, Increasing the distance 
from the beam edge (by decreasing beam area or by better alignment) 
can reduce dose by as much as two orders of magnitude, The effect 
of this on gonadal dose is obvious, 


5, Conversion Data, 


Some idea of the change in patient exposure following alteration 
of specific parameters can be gathered from References listed above 
under this topic, The parameters considered include change of kV 
and filter; film/screen combinations; FSD, The practical radiographic 
problem of matching a change in kV to a corresponding change in mAs 
(to improve tube loading, possibly) is illustrated in Reference 35, 
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Genetical Significant Dose; Gonadal Dose; Bone Marrow Dose. 


1, Sources of Exposure (1) * 





no 
zs GSD Bone Marrow 
ome rads/year __mrads/year 
es 36 110 (Estimated ) 
Background 120 120 
Other 5 _ 
Totals 161 239 








26 Comparison of Reported Annual Genetically Significant Dose from 
Diagnostic Radiology (Selected Countries) (2) 








Genetically Genetically 
Significant Pxaminations = cs us ficant 
Country Dose in oe 100 Dose per 
Millirads opulation Examination 
1970 36 
Sweden (1955) 38 29 1.31 
Japan (1960 39 44 095 
Denmark (1956) 22 24 092 
Great Britain (1957) 14 28 50 
New Zealand (1963 12 37 032 








3, Effect of Overall Rate of Increase in Examination Rates on GSD 
(Excl, Effect of Population and Future Children - GSD in mrads, ) (2) 





GSD for Year Assuming Overall Rate of Increase is 











Year 
High Medium Low 
(6,0% per annum) (4,5% per annum) (2,5% per annum) 
1965 63 63 61 
1970 95 89 77 
(Actual - 36) 
1975 139 120 88 
1990 365 256 150 
* Numbers in zttaltcs are keyed to the reference sources listed at the 


end of the paper. 
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The Effect on Genetically Significant Dose Estimates® for the U.S. 
Produced by Substituting into GSD Calculations Components from 
Selected Foreign Countries (2). 





Estimates Produced _by Substitution 
Country Calculated Population Birth Examination Mean Gonadal 


GSD Dist'n Rate _ Frequency? _Dose& 
U.S, (1964) 55 55 55 55 55 
Sweden 38 66° 105 39 73 
Denmark 22 634 53 34 18 
New Zealand 12 5ge 50 56 17 
a, Millirads/person/day. f, Numbers of examinations were 
c, 1956 U.N, Demographic obtained directly from report, 
Yearbook, then combined to give 
ad. Report data plus 1957 U.N. frequencies, 
Demographic Yearbook, g. Obtained from weighted average 
e, Report data plus 1953 U.N. combination of corresponding 
Demographic Yearbook, examination, 








Annual Frequency of X-ray Examinations(3). 





Number of examinations per 1,000 pop, 
Country Period Medical X-ray Mass chest Dental 


Examinations Surveys 


Denmark 1956 410 210 50 
U.K, 1957 280 95 LO 
Switzerland 1957 640 190 140 
Norway 1958 390 210 100 
Japan 1960-64 450 Lp 5 14 
New Zealand 1963 365 115 120 
U.S.A, 1964 530 85 290 


Sweden 1967 4.90 105 570 
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8, Estimated Mean Gonad Dose per Examination by Type of Examination 
and Sex, U.S., 1964(2). 





Millirads per 








Type of Examination Examination 
Male Female Fetus 
Skull a 4 7 
| Cervieal spine 8 2 3 
Chest 
| Radiographic 5 8 6 
Photofluorographic a 8 8 
| Fluoroscopic 1 71 b 
Thoracic spine 184 9 9 
Shoulder a a a 
Upper gastrointestinal series 
Radiographic 130 360 343 
| Fluoroscopic 7 198 198 
Barium enema 
| Radiographic 1,535 439 447 
| Fluoroscopic 50 366 397 
: Cholecystography or cholangiogram 2 193 206 
| Intravenous or retrograde pyelogram 2,091 407 451 
Abdomen, KUB, flat plate 254 289 291 
Lumbar spine - lumbo-sacral 2, 7 420 239 
Pelvis or lumbo=-pelvic 717 44 82 
Hip 1,064 309 366 
Upper extremities 2 1 
Lower extremities 96 a 
All other 
Radiographic 52 92 251 
Fluoroscopic 229 a a 





a, Quantity less than 0,5, 
b. Figure does not meet standards of reliability or precision, 


9, Patient Doses from Diagnostic X-ray Procedures(3). 


Number ne Per caput 


% 





The dose to the foetus included, 


Examination 1000 of ae signi narron neeen 
POPUL fenalen male (ured) (arad) fae 
ation mrad 

Lumbosacr, region 15 400 1000 4.2 200 3.0 
Hip, upper femur 10 500 1200 3.4 50 0,5 
Urography 10 600 700 2.9 500 5.0 
Obstetr, abdomen 1 500 — 2.4% 100 1,0* 
Pelvis 10 250 700 1.6 100 1,0 
Hysterosal pingogr, 1 1200 — 1.4 300 0,3 
Colon, lower G.I. 10 800 200 1, 5* 600 6, 5* 
Abdomen 5 500 500 1,0* 100 0, 5* 
Retr, pyelography 2 1100 800 0.9 300 2.7 
Pelvimetry 0.1 1200 o~ 1,1* 800 0, 5* 
Stomach, upper G.I. 30 100 30 0.7 300 9.0 
Urethrocystography 1 1500 2000 0.5 300 0,3 
Femur, lower part 2 50 400 0.3 50 0,1 
Chest, regular 180 5 0.2 4O 72 
Gall bladder 10 60 5 0.1 200 2,0 
Chest, special 5 5 50 0,1 1000 5.0 
Dorsal spine 5 20 20 0.1 200 1,0. 
Lower leg and foot 30 1 5 0,03 2 0.1 
Head and cerv, spine 30 1 1 0,01 50 1,5 
Bony thorax 5 1 0,00 100 0.5 
Arm and hand 30 0,1 0.5 0,00 2 0.1 
Total = 400 ~~ 25 50 
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10, Annual per caput Mean Marrow Dose from Diagnostic X-ray Exposure 
(excluding Fluoroscopy)®(5). 





Madi Number Annual 
Rae examined per caput 
Saee per 1000 # marrow 
(mrad) of total dose 
population ( mrad ) 
Lower femur 1 AP + 1 LAT 5 5 0,025 
Hip and femur 1 AP + 1 LAT 30 5 0,15 
Pelvis 1 AP 20 5 0.1 
Lunbo-sacral 14 AP +1 LAT + 2 OBL 300 5 1,5 
Lumbar spine 1 AP + 2 LAT 400 5 2.0 
Dorsal spine 1 AP +1 LAT +1 OBL 400 5 2.0 
Intrav, pyelography 5 AP 200 5 1,0 
Retrog,pyelography 2 AP 100 2 0,2 
Urethrocystography 1 AP + 1 LAT + 2 OBL 300 1 0.3 
Pelvimetry 1 APP+1 outlet .+2 LAT 800 0,5 0,4 
Salpingography 3 AP 100 0,2 0,02 
Abdomen 
(obstetrical) 1 AP 100 0.5 0,05 
Abdomen 1 AP 50 5 0,25 
Lower G.I. 2 AP + 3 PA 700 10 7,0 
Upper G.I, 1 AP + 2 PA + i LAT 500 20 10 
Cholecystography 4 PA 400 5 2,0 
Chest 1 PA + 1 LAT LO 8&0 3.2 
Ribs and sternum 1 PA + 1 LAT 200 2 0,4 
Shoulder 1 PA + 1 LAT 20 5 0.1 
Arm 1 2 30 0,06 
Foot 1 2 30 0,06 
Skull 1 AP + 1 PA + 2 LAT 50 30 1.5 
Cervical spine 1 AP + 1 PA + 2 LAT 50 5 0,25 
Dental 1 20 100 2,00 
Mass miniature 
survey 1 PA 100 100 10 





a Table taken from the 1958 UNSCEAR report; 
assumed average practice, 


figures based on an 


b American practice including about 400 examinations per year per 1000 
of population gives a mean marrow dose of 8 mrad per caput and year, 
British practice involves only 20 examinations per year per 1000 of 
total population, which corresponds to less than 0.4 mrad per caput 
and year, The assumptions on location of active marrow makes 
estimates for skull exposure very uncertain, 
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12, 


Skull 

Cervical spine 
Upper extremity 
Lower extremity 
Shoulder 


Chest 
Radiography 
Photofluorography 
Fluoroscopy 
Thoracic spine 


Upper gastrointestinal series 
Total 
Radi ography 
Fluoroscopy 


Barium enema 
Total 
Radiography 
Fluoroscopy 

Cholecystography 


Intravenous or retrograde 
pyelography 

Abdomen 

Lumbar spine 

Pelvis 

Hip 


4 


> ee me A) 


oO 


360 
200 


800 
360 
200 


400 
290 
275 


300 


Estimated Average Embryonic or Fetal Dose per Diagnostic 
Radiologic Examination(2). 


Dose to Embryo % of all 
Exanination in Millirads _ Examinations 


7 
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504 


Effects of Beam Size, 


13, Effect of Field Size and Alignment on Gonadal and Bone Marrow Dose, 
72" Target Film Distance, 2 mm, Al Added Filter(7). 


Ratio to A 
80 Kvp 90 Kvp 
Field Alignment Organ PmA Lateral 
A, 14" x 17" Correct Ovary 1 1 
Scrotum 1 1 
Bone Marrow 1 1 
B, 33" Diameter Correct Ovary 27 33 
scrotum 7 8 
Bone Marrow Zeal 2.1 
C, 33" Diameter 1° Low Ovary 78 67 
Scrotum 11 13 
Bone Marrow 2.3 202 
D, 33" Diameter 5° Low Ovary 83 107 
Scrotum 420 82 
Bone Marrow 2.5 2.2 





14, Effect of Field Size of a Dental Unit on Gonad Dose, 
60 kVp, 1 mm Al Added, 85" F.F.D., Plastic Cone, for Similar 
Film Density(7) 





Gonad Dose 
Cone Diameter mr 
Male Female 
> 0,14 0,0014 
25" 0,042 0.0007 


2" 0,0081 <0,0007 
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15. (1) ESTIMATED MEAN RATIO OF BEAM AREA TO FILM AREA 
FOR RADIOGRAPHIC EXAMINATIONS 
by Type of Facility, U.S., 1964 and 1970 


en tee te eee 
eS W¥ 


ie eee ee 

cn) $.WWW“SKL a 
PRIVATE SSS 1970 
OFFICES 


Ce es 
RADIOL [yyy 4 


PATE: ee a 
OTHER KW)“ WW [£Q WV 


HEALTH 
ea 
MMM SSSA TE 


] 2 3 4 
MEAN RATIO 


PHS X-ray Exposure Study September 1971 
Preliminary Dota Figure 33 


16, 


Dose in mid-plane of phantom 

at 80 kVp with no filter as a 
function of the distance x 
from the edge of the beam for 
rectangular fields, Dose 

is expressed as a ratio to 

= film dose, Haybittle (1957) 

7). 





O'STAMCE FROM COGE OF OL Aas 100 INCHES. 
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Factors Affecting Patient Dosage, 


Dependence on Field Sizes; kV; Filtration; Distance; Film/Screen 


Combination(8). 


18. 


~ 
~J 
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@ 
MINUTE 
3 


ROENTGENS PER MINUTE 
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10 100 


FIELO AREA - SQ. IN. 


$0 ed 20 120 
TUBE POTENTIAL - «ve. 
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21, Backscatter Factors, 
40" Focal-Film Distance (9), 





Field--Inches 
Kv.D. 8 x 10 14x 17 
Backscatter Factor 


40 1,16 1,16 
60 1,27 1,27 
80 1.34 1.35 
100 1,38 1,40 
130 1,41 1,45 
150 1,42 1.46 








22. Relative Skin Exposure at Different Source-Skin Distances (10). 





source=-skin Source-film Relative skin 
distance distance exposure 
(cm) (em) 
30 60 100 
45 75 69 
90 120 Lb 





23. Reduction in Patient Exposure with increased kV and Filter, 
18 cm, A-P Pelvis(79). 











Kilovolts (peak) 60 60 85 130 200 
Added filter mn, 0 3A1 3A1 0-25 0-5 

Cu Cu 
Relative skin dose % 100 21 14 4 2 





Relative ovary dose % 100 60 52 22 15 
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24, (10). 


1250 
1000 










Ratio of entrance to exit dose 
\ for 10 and 20 cm water, (Webster) 


HO \ --—-—- Normalized integral dose for 
\ constant exit dose (see 
reference # 43,44) 
300 


RATIO 


100 

aN 

gs 
O 
50 
10 cm water 

30 

Filter 2 mm Al, 
10 ns 


50 75 100 125 150 kVp 
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Patient Dose for 0,002 r at Film, 
100 Kilovolts (Peak), 40" Focal-Film Distance, 
26,2" Focal-Skin Distance, 8" x 10" Field at 40"(9). 





HVL Surface Dose at 5 cm, Depth 
Dose In Field 5 cn, Outside Field 
1.7 mm, Al 1.8 r 0,62 x, 0,041 r, 
3.4 mm, Al 1,0 r 0,48 xr, 0,034 x, 
5.0 mn, Al 0.7227 0,40 r, 0,031 xr, 








Probable Reduction in Patient Exposure due to Fast Film/Screen 








Combinations, Abdomen AP 72 kV, 36" FFD (10). 
Film Screen mAs coer meen 
Blue Brand Par Speed 60 0.6 125 
Royal Blue Par Speed 30 0.3 62 
Royal Blue Hi-Speed 20 0,2 42 
Royal-X Pan* CB2 4 0,04 8 





* Derived from Gensini, 
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31. (12) 
Taste 2—Bfect of tube potential, distance and Allration on air exposure 
rate at panel of Aucroscopes* . 
= "a taped 7” Baaiviivat total detain Ciraea 
Poteatial kVp distance inn 2mm Sem ie l6m 
an laches Reeatgeas per mildampere minute 
70 30) «12 63 2.7 22° 18 4g] 
ai — 8B 15 3.6 17 #14f 1.2 0.8 
46 18 2.4 1.2 1.0 0.8 0.6 
= " 80 9 2 ~= 470° 39 3.2 26 20 > 
38 15 4.6 2.5 2.1f 1.7 1.3 
46 18 3.2 1.8 1.4 1.2 0.9 
00 Ft] 12 9.0 6.2 4.3° 3.6 2.8 
38 15 6.8 3.3 2.8f 2.3 1.8 
46 18 4.0 2.3 1.9 1.6 1.2 
100 30 12 11.0 6.6 5.8° 4.7 3.7 
38 18 7.0 4.2 3.5t 3.0 2.3 
46 18 4.0 2.9 2.5 2.1 1.6 
110 30 12 13.1 8.0 6.8° 5.9 4.6 
38 15 8.4 5.1 4.4f 3.8 3.0 
46 18 5.8 3.5 3.0 2.6 2.0 
120 30 12 14.7 9.3 8.0° 7.0 6.5 
38 18 9.6 6.0 §.1f 4.5 3.6 
46 18 6.6 4.1 3.6 3.1 2.5 
130 38 15 _ 6.8 5.9f §.2 4.2 
46 18 _ 4.7 4.1 3.6 2.9 
140 38 15 7.6 6.6f 8.9 4.8 
46 18 _ §.3 4.6 4.1 3.3 
150 38 18 _ 8.5 7.8f 6.7 5.4 
46 18 _- 5.8 §.2 4.6 3.7 
—_— a eS 
* Typical exposure rates produced by equipment with medium length cables, 
derived from references (8} and [14] by interpolation and extrapolation. Filtration 
includes that of the tabletop and the x-ray tube with its inherent and added filter. 
As used above, panel means either panel or tabletop. 
*¢ See Section 3.1.2 (a). 
32, Average exposure rates produced by diagnostic x-ray equipment*(12) 





Distance from 


Source to Point Tube potential 
of Measurement kVp 60kV OkVp 80kV kV 100kV 125kV 


in cm . Roentgens per 100 milliampere seconds 

12 30 1,8 2.8 4.2 5,8 8.0 9.8 15.2 
18 L6 0,8 13 1,8 2.5 3.4 4.2 6.7 
24 61 0.4 0.7 1,1 1.4 1.9 2.3 3.8 
39 100 0.2 0,3 0,4 0.5 0.7 0.9 1,4 
bo 137 0.1 0,1 0,2 0.3 0.4 0,5 0.7 
72 183 0,1 0,1 0,1 0.2 0.2 0.3 0.4 





* Measured in air with total filtration equivalent to 2,5 mm 
aluminun, 
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Beam Transmission Data; Depth Dose, 
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Central axis depth dose in water, 
° Normalized to entrance exposure, 


b 


38. (13) 
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Unique Value Layers in Aluminum 
as a function of kVp, 





Normalized to exit exposure, 


39. (13) 
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4o & 41, Representative. Isodose Curves(9). 


40a, 


4Ob. 


4ia, 


41d, 





LOkVp HVL 1.4 mn Als 
ah" FSD 2 


60kVp HVL 2,0 mm Als 
32" FSD, 


8O0kVp HVL 2.7 mm Al; 
30" FSD, 


100kVp HVL 3.4 mm Als 
26" FSD, 


Isodose curves; 40" focal-film distances; 38" focal-table top 


distances 14" x 17" field at 40", 


Curves are shown for directions perpendicular and parallel to 


tube axis, 


42, Effect of HVL(9). 
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Comparative isodose curves 
100 kVp; 40” FED; 


8" x 10" field at 40", 


HVL 1.7 mm Al (dash-dot lines); 
3.4 mm Al (solid lines); 
5.0 mm Al (dashed lines), 


A, §=6(15) 


Integral dose. 
Qg rad/er’_ R added filter Q05mmCus 05 mm Al | 


phantom 
thickness 


30 cm 





Tube potential, kv 
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Film Characteristics, 


45, (16) 46, (16) 
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49, (16) 50. (16) 
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EQUIPMENT EVALUATION 


Jack S. Kraohmer, Ph.D. 
Geisinger Medical Center 
Danville, Pennsylvania 
INTRODUCTION 


There are many reasons why it is necessary to undertake equip- 
ment evaluation - to satisfy State or local regulations (there are, 
at present, no national regulations, only recommendations); to satisfy 
accreditation boards and insurance companies,but more important than 
any of these, to satisfy the needs and requirements of radiologists 
in obtaining maximum medical information with minimal exposure. I 
was asked to give this talk because I have had quite a bit of ex- 
perience in this field, so I intend to discuss the methods that I 
have used and have found to be “satisfactory over the past 20 - 25 
years. I shall cover not just the evaluation of the equipment itself, 
but the whole diagnostic operation. This must include all of the 
X-ray units, all ancillary equipment, as well as flow patterns in the 
department, and training - both initial and continuing education of 
technicians, radiologists and other personnel. If the equipment is 
the finest, and it is operating perfectly, this in itself does not 
mean that it is being used correctly or that the quality of diagnostic 
examinations is high. Proper use is more related to how and where 
the personnel were trained and what continuing education is available. 


Some differentiation should be made between evaluations made in 
ones own institution and those done for outside organizations or 
physicians. In general, with the latter, there may be less time 
available, and perhaps less sophisticated equipment used, so I tend 
not to make all the performance evaluations that I would in my own 
department but rather tend to concentrate on safety evaluations. 

In this discussion, I will cover things which I feel must be done. 


There are four steps to the diagnostic survey or evaluation: 


ae initial inspection 

be. measurements 

ce evaluation of measurements 
d. recommendations 


As an appendix I have included a sample of the type of report that 
I feel should be prepared after these four steps have been completed. 


INITIAL INSPECTION 


The performance of any equipment depends upon how it jis used, 
so one of the first aspects of any evaluation must be to get some 
appreciation for types of use, what standard procedures are used, are 
technique charts specific for each room or is some generalized 
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technique used (which could be inappropriate and lead to retakes), 
what monitoring procedures are carried out, what records are kept, 

and so forth. All of these points are important because they will 
provide some indication of how well things will continue after your 
evaluation, and so will contribute to the validity of the findings. 
Another important service that one can provide during this "'get- 
acquainted" phase is that of instruction. Frequently the person 

doing the evaluation can pass on information regarding new equipment, 
new techniques, and methods others use to solve common problems. With 
this in mind I insist that a senior technician be assigned to aid me 
(a radiologist would be even better, but this is unlikely) during the 
evaluation. Through the aide, I am able to learn what the staff does, 
to see the sorts of films produced, and to explain why some things 
that I recommend are necessary. A great deal of background information 
can be gleaned by just wandering through the Department, including 

the darkroom, examination rooms and reading rooms. This helps me to 
determine what must be covered in the total evaluation. 


This first phase, which includes conversations with the radi- 
ologists and technicians, should be carried out in a leisurely fashion 
which does not interfere with the work schedule of those concerned. 

An overall picture is gradually built up of the way in which the depart- 
ment is operating and staffed and its overall workload. 


The next step is the inspection of individual rooms. One of the 
results of the inspection phase is that it provides an opportunity to 
plan the type of measurements that will be necessary and most appropriate 
so that the second phase can be undertaken with as little disruption 
of the activity of the department as possible. 


MEASUREMENTS (GENERAL) 


The measurement phase of the evaluation will be discussed later 
under specific installations, however, a general word of caution con- 
cerning this phase is necessary. It is important to limit the number 
of measurements that are made, especially during stray and scattered 
radiation measurements, simply to avoid overloading the X-ray equip- 
ment with subsequent risk of damage. Here again, the initial in- 
spection can help to determine how to get the required information 
from a relatively few measurements. 


EVALUATION OF MEASUREMENTS (GENERAL ) 


The evaluation of measurements is the aspect of the total 
evaluation which often causes problems with regulatory agencies, and 
with candidates' material submitted to the American Board of Radiology. 
The purpose of this phase is to tie the measurements and established 
permissible doses together in a meaningful way. Therefore, evaluation 
of measurements must be made in units which are identical with the 
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units included in MPDs and in maximum recommended doses. It can be 
stated categorically that without a proper evaluation, the measure- 
ments mean nothing. 


RECOMMENDATIONS (GENERAL) 


Recommendations for improvement of the performance and radiation 
safety of an installation result from findings during the inspection 
and measurement phase of the evaluation. Recommendations must be 
clearly stated and specific. The requirement of "No Recommendations" 
must also be stated. Types of recommendations for specific instal- 
lations will be covered later in this discussion. 


SPECIFIC INSTALLATIONS: RADIOGRAPHIC INSTALLATIONS 
Inspection phase: 


While I have tried to break this down into a number of’ categories, 
there is of necessity some overlapping that will occur. The inspection 
stage will start first of all with the room layout, the location of 
the unit in the room, the location of the control booth and a deter- 
mination of the types of procedure that are carried out in the room. 
From this, one gets an idea of which walls are primary barriers and 
what use factors and occupancy factors should be used. This infor- 
mation is needed to evaluate later measurements. There is a little 
difference here between a survey inspection and the original planning 
of the radiation protection. At the planning stage I do not think it 
worthwile to make arbitrary use estimates but instead, I assume that 
each wall may be struck by the useful beam with a use factor of 1/16 
as recommended in NCRP Report 34. In an existing installation I will 
assume a 1/16 use factor for a wall, but if subsequent measurements 
show that a possible hazard might exist I will then go back and 
determine a realistic use factor for the wall based upon the actual 
procedures carried out in the room. Most commonly, there are only 
One or two walls that are struck by the useful beam. A wall-mounted 
chest cassette holder comes to mind as an example; however, if you 
consider the possible chest workload, this wall often turns out to 
be one of the least of the problems. Cross-table techniques will also 
result in a wall being struck - but here again a use factor of 1/16 
represents a significant overestimate. 


It is necessary to establish the type of usage and the workload. 
If there isn't an obvious problem, I will tend to use the workload 
recommended by NCRP Report 34, i.e. 1000 mA-mins per week at 100 kVp, 
or the equivalent. If there is a problem, the actual workload should 
be determined from records. The recommended value is extremely high: 
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if you assume 60 mAs as an average exposure, it represents some 1000 
exposures a week - in just one room. I have only twice in my career 
come upon units that were close to being this busy. One emergency 
room that ran 24 hours a day and did essentially all the emergency 
work for the city of Dallas was about that busy - it needed a new tube 
about every two months. Another unit used for all the diagnostic 
procedures at an Air Force base of 60,000 men had a "busy" workload. 
So ordinarily if this workload (1000 mA-min/wk @ 100 kVp) is assumed, 
any error will be on the safe side. For urologic units and for port- 
able units, I usually assume a workload of about 250 mA-min/wk at 

100 kVp which is also an overestimate in most cases. 


I try to get equipment model and serial numbers to enter on my 
reports. This adds an aura of legality, but is also somewhat of a 
self-protection and will be of use at a subsequent time to check on 
whether the equipment has been changed. Proposed U. S. Public Health 
Service performance standards will require the manufacturer to dis- 
play these serial numbers in some accessible place. At present it's 
quite a trick to locate them, and frequently tube serial numbers are 
impossible to find. ‘(At least, I get the tube head serial number in 
this case.) 


Ancillary equipment which I look for and inspect includes such 
items as aprons, special shields, and restraining devices. I like to 
find out how much use is made of grids and what type of screens are 
used as this will help in the evaluation of patient exposure. This 
is a typical spot in the inspection for some instruction on the value 
of grids and slow screens and of the possible dose reduction if they 
are not used. Further instructions can be given in the use of 
collimators and filters. There is no reason not to use a collimator 
and ordinarily the same holds for filters. Both tend to improve the 
diagnostic image and definitely decrease the dose to the patient. 


Handling of doors in radiographic rooms is a universal problem. 

_I would estimate that 75% of the time these are left open during 
radiographic procedures - for a variety of fancy reasons, but really 
because they are inconvenient. If they are routinely left open I 

will subsequently make measurements with doors both open and shut 

and make specific recommendations based on those measurements. Depend- 
ing on the layout of the room, in many cases doses are permissible, 
even with the doors open. 


To inspect the structural shielding, I usually look at the doors. 
The most expensive part of the structural shielding is that within 
the door and door frame, so if it is present, it is almost certain 
that there will be shielding in the walls. Of course, this is not 
an absolute certainty, and must be checked during the measurement 
phase. Many departments have 1/16" of lead in every wall and door 
(this should make the lead companies "safe''), but ordinarily only 
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1/32" of lead is needed to protect controlled areas and 3/64" lead 
will suffice for uncontrolled areas in most cases. Never is more than 
1/16"' lead needed except in darkroom walls. (While putting in 1/16" 
of lead in all barriers solves all the problems, I feel that I am 
doing a service if I can legitimately cut the shielding cost by 
recommending less. Doubling the amount of lead ((unnecessarily)) may 
only add 20% to the cost of the room, but even this contributes to 

the already high cost of medical care and, in my opinion, is un- 
justified.) 


The recent "Report of the Medical X-Ray Advisory Committee on 
Public Health Considerations in Medical Diagnostic Radiology" 
(USPHS, October 1967) contains some realistic comments on wall protec- 
tion. It states that "the cost of shielding diagnostic rooms has often 
been unnecessarily high as a result of excessive emphasis on the elim- 
ination of minute voids in the shielding, for instance the use of 
leaded nails in preference to ordinary nails does not significantly 
improve the overall radiation protection". This at least implies 
that minute voids are unimportant and that one does not have to examine 
every square inch of wall to verify proper shielding. Similarly, for 
a diagnostic room a metal cover over an electical outlet is certainly 
sufficient and less expensive than an awkward lead backing; metal 
louvres on doors often do not need to be lead - don't overlook the 
protective values of building materials other than lead and concrete. 
On occasion I have run into too literal interpretation of the comments 
of NCRP 34 (or its forerunners) when, for example, a city health 
department insisted that walls include either concrete or lead shield- 
ing as they were the only materials specifically mentioned in NCRP 
reports. (Frankly, I don't care if the shielding is feathers - if 
it's thick enough.) 


While examining the wall and door shielding, I look for adequacy 
of control areas, existence of proper view ports and means for 
communicating with patients. 


Measurement phase: 


I use a standard method, as far as possible, to measure the out- 
put from a radiographic unit. Measurements are made at 24" from the 
target, using 100 kVp and a known mAs. The exposure is reported in 
R/100 mAs. In cases where 36'' is used as the target-film distance 
(not too common nowadays), with a thick patient a distance of 24" 
would be a minimum target-skin distance, but a better reason for this 
choice of distance is that the dose rate will be reasonably high and 
meaningful measurements can be made without putting too much load on 
the tube. Table 6 in NCRP Report 33 lists average exposure rates for 
radiographic equipment at various kVps and various distances, and my 
standard method corresponds to one of those sets of conditions. (For 
the standard method stated above, the output listed is 2.3 R/100 mAs.) 
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This single measurement can tell you if the kV and the filter are 
correct or whether closer investigation of these is necessary. (At 

the time Report 33 appeared, three-phase equipment was not very common - 
as a rule of thumb I find that between 1.5 and 2.0 times the single 
phase output will give about the right value for the three-phase output, 
depending on whether the unit incorporates a 6 or 12 pulse circuit. 

The equivalent output at 100 kVp, 100 mAs for three-phase will be about 
3.9 R. This sounds high, but, of course, the beam is of higher 
quality.) If the measured output turns out to be high I would deter- 
mine the H.V.L. and check the filter. Ordinarily, the filter can be 
seen on a radiographic unit, or the collimator has the equivalent 
filtration marked on it - usually accurately. 


I arrive at the 100 mAs exposure in a few ways with different 
combinations of mA and time, and closely watch the mA meter during 
the exposure as a means of checking both the timer and the mA cali- 
bration. If this uncovers any problems, then the timer can be checked 
separately with a spinning top or a 'scope. It is probably impractical 
to check all possible mA and time combinations, since if there were 
any major differences, they would probably have been found by the 
radiologist or technologist because of inconsistent film densities. 
In practice, I usually measure at 200 - 300 mAs and use a calibrated 
Victoreen 25R condenser ionization chamber. It is not realistic to 
expect the measurement of output to match the NCRP values exactly, 
and for the 100 kVp single-phase case I would expect the range to be 
1.8 to 2.8 R/100 mAs. Perhaps 5% of the time I find values outside 
of this range, and assuming that the filtration is correct, the most 
common cause is the kV calibration. I do not do any adjusting of 
kV, but in the evaluation and recommendations I would state that the 
equipment appeared to be operating at a different kV than indicated 
and that it should be recalibrated by the serviceman. 


Checking the availability of cones and adjustments of collimators 
is also included in the measurement phase. Most units I survey have 
light-localizing collimators, but Blatz has reported for New York 
City that there are still a large number of 40-year old units in use 
in the field which do not have collimators. If only cones are used, 
I check to see that proper sizes are available for the procedures to 
be carried out and I give some instruction as to the methods of 
determining cone coverage. Radiologists do not like any information 
cut off and this often results in technicians using too large a cone 
or setting the collimator opening too large. The result of this, of 
course, is that the field size used cannot be evaluated in retro- 
spect from the film. Light collimators with lead "fingers" on each 
of the leaves remove this uncertainty, and the image of the lead does 
not bother the radiologist. For light-localizing collimators, I 
always check the coincidence between the light field and the X-ray 
beam by taking a film. A useful tip is to use an oblong field and to 
put an identification marker in one corner so there is no question as 
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to where there may be a lack of coincidence. If one uses a square 
field and no marker, 8 orientations are possible. I normally set up a 
10 x 20 field at the usual target to film distance, and would accept, 
as reasonable, congruence up to - 0.5 inch on any field margin. 
Frequently the collimator lights are not very bright, and unless the 
room is equipped with a dimmer switch, it is probable that the colli- 
mator may not be used correctly, just because the illuminated area 
cannot be seen clearly. I therefore comment on availability of 
dimmers if applicable. Plastic which is present on the bottom of some 
collimators can yellow with age and thus reduce the illumination. If 
this situation exists, I recommend replacement of the plastic. (What 
is sometimes not realized is that plastic may be an important part of 
the added filtration. On the Siemens collimator, for example, this 
is a piece of lead-loaded plastic and is equivalent to 1 mm Al.) 
Correction of the collimator adjustment is usually not simple and 
again I recommend calling in the serviceman. 


Stray and scattered radiation measurements, as mentioned above, 
must be made with a good deal of care in order to avoid: overloading 
the X-ray unit and the X-ray tube. Measurements are made on the far 
side of selected primary barriers with the beam directed at the 
barrier with no phantom in the field. Measurements are made with the 
X-ray tube at the usual distance from the wall during procedures 
which could allow the useful beam to strike the wall. Secondary 
barrier measurements are made with the useful beam directed downward 
at the usual target-film distance with a large tissue-equivalent 
phantom in the field and ordinarily with the X-ray tube as close to 
the secondary barrier as is possible during normal use of the unit. 
All stray and scattered radiation measurements are made with the 
collimators wide open and with the unit set at its maximum used kilo- 
voltage and its minimum milliamperage setting. I prefer to use an 
ionization chamber type survey meter such as the Victoreen Model 440, 
which has a proper array of full scale ranges and a relative short 
time constant. Occasionally, if a problem exists in making readings, 
I use a Geiger-Mueller survey instrument which, of course, has a much 
shorter time constant but less accurate calibration. Ordinarily, I 
try to make readings for times of 3 - 5 seconds in order to allow 
the instruments to reach their full readings and also to allow a small 
amount of scanning of areas on the far side of the barrier. I ordi- 
narily make readings in the corridor outside of the X-ray room, both 
through the door and through the adjacent .wall (and also in the corridor 
with the door open, if I am told that the door is commonly open during 
procedures). I also make measurements in the control booth and at . 
other selected positions where I assume there will be appreciable 
occupancy. With care, I can keep the number of readings down to five 
or six and still get the required information without a tube overload. 
Incidentally, I always examine the tube rating chart if it is avail- 
able to make certain that the exposures that I make will not exceed 
tube limits. If the chart is not available, I try to make reasonable 
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estimates from past experience as to what exposures are possible. As 

I mentioned previously, if readings are such as to indicate that the 
subsequent evaluation would lead to maximum expected doses over the 
maximum permissible level, I make a concerted effort to determine 
actual procedures which are carried out in the room and the actual 
workload in order to make a more realistic estimate of expected doses. 
This is not usually a problem since most diagnostic rooms with which 

I come in contact are provided with adequate protection. (I have 

found that if I previously did the determination of protective barrier 
requirements that doses are well below the maximum expected doses which 
I have predicted at the time of planning. This finding is of great 
help in future planning since it allows me to make assumptions which 
will minimize protection requirements and will still provide confidence 
that the barriers are adequate.) There are two positions for which 
stray and scattered radiations are often of concern and I feel it is 
necessary to add a little clarification here. These positions are 

the space behind the wall-mounted chest cassette holder and the control 
panel of the diagnostic unit. Often instantaneous readings behind 

the chest cassette holder are relatively high, however, if one makes 

a realistic evaluation of maximum expected doses per week, it is seldom 
that the value is any more than a small fraction of the maximum per- 
missible dose. The reason for this, of course, is that the usual chest 
exposure is something like 1/20 of a second, so that in one minute of 
beam time per week, 1200 films could be made, whereas instantaneous 
readings are ordinarily in milliroentgens per hour. If one assumes a 
one minute beam time for chest exposures, the instantaneous reading 

can be divided by 60 in order to get maximum expected dose per week at 
the position behind the chest cassette holder. The other position 
which is of concern is the control booth, especially one provided with 
no door. It is quite possible that with certain orientations of the 
beam, instantaneous dose rates and even maximum expected doses per 

week could exceed maximum permissible levels. This is another point 
where I provide some instruction, letting the technician or radiologist 
know that beam directions which can allow once-scattered radiation 

into the control area should be avoided. I also make a statement to 
this effect on the final report. 


I ordinarily do not measure leakage radiation from diagnostic 
tube housings since manufacturers have measured prototypes of all 
modern units and this prototype measurement can be accepted with the 
backing of NCRP Report 33. If the unit is old or if there is some 
question about the leakage, then a measurement must be made, again 
with care since it is essential not to exceed the tube capacity. The 
recommended method involves putting at least 10 half-value layers 
(1/8 inch of lead exceeds this for potentials up to 150 kVp) over 
the exit portal of the unit. The leakage is supposed to be less than 
100 mR/hr at 1 meter with the unit operating at the maximum kV and the 
maximum continuously rated current - conditions that frequently cannot 
be met. If the measurement is made at some other mA than the 
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continuous rating, it will be necessary to adjust the results, pro 
rata on the basis of permitted exposures. 


Evaluation: 


Having completed the first two phases, inspection and measure- 
ment, we come to the problem of evaluation, prior to making specific 
recommendations. The evaluation of exposure to the patient is 
straightforward. For example, at 100 kVp the output should be 
2.3 - 0.5 R/100 mAs to be acceptable. If it differs from this value, 
some statement about the filtration or accuracy of mA or kV calibration 
may be necessary, depending on your observations, and this would lead 
to specific recommendations. 


Stray and scattered radiation measurements were made at the 
highest used kVp (usually 100) and at minimum tube current (usually 
25 mA) for example,and with the maximum field size. Under these 
conditions I might get a reading of, say, 30 mR/hr; converting this 
to a 1000 mA-min/week would involve multiplying by 40 (to convert 
from the 25 mA to 1000) and dividing by 60 (to convert hours to 
minutes) and thus the value would be 20 mR per 1000 mA-min or 
20 mR/week for a busy unit. If the barrier is a primary barrier, a 
use factor (1/16) should be taken into account at this point (divide 
by 1/16). The result is then to be compared to the NCRP value of 
100 mR/week for controlled areas or 10 mR/week for uncontrolled areas, 
whichever is appropriate. (For uncontrolled areas permissible values 
can be as high as 2 mR in any one hour or 100 mR in any seven con- 
secutive days, assuming a 100% occupancy.) 


Recommendations: 


Recommendations have to be made in the report about each roon, 
individually. Typical comments would cover topics such as added 
filters, kV and mA calibration, need to restrict beam direction and 
go on. The need to restrict beam direction is not too common, but 
in view of some state regulations about control booths and double 
scattering, it may be necessary to point out that for certain beam 
directions scattered radiation could enter the booth after one 
scattering. Much of the material for the recommendations has been 
obtained in the inspection phase - absence of certain devices, 
improper collimator adjustment, etc. 


FLUOROSCOPIC INSTALLATIONS 
Inspection: 


Evaluation of this type of installation is more time consuming 
and more important from the point of view of personnel protection 
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than a radiographic installation. This is because personnel will be 
in the room while the beam is on. This evaluation again will include 
not only the unit itself but also the various protective devices 
associated with the unit. The types of procedures carried out - 
conventional fluoroscopy, image intensification, TV presentation, 
mirror optics presentation, ciné - all will have to be considered, 

as may be appropriate. I take 5 hours per week as a standard figure 
for the fluoroscopic workload unless I have more specific information. 
For cine I arbitrarily take 1 hour per week as a realistic value that 
is probably higher than the actual use. For most fluoroscopic 
procedures I find that an experienced radiologist requires about 

2 - 3 minutes. Residents may take as much as 10 minutes at first, 

but this is soon cut down, especially if they are made aware of the 
radiation levels a film badge at the shoulder will indicate. So, at 

2 - 3 minutes per patient, the workload estimate of 5 hours/week would 
cover some 100 cases per week, which is quite a heavy load for one 
unit. With these estimates I can obtain a maximum expected exposure 
by multiplying the mR/hour measured for fluoroscopy by 5 and adding 

it to the mR/hour measured for the cine condition to obtain the 
weekly exposure in mR/wk. 


Inspection of filtration and collimation is rather difficult since 
these units are usually enclosed, and would necessitate some dis- 
mantling. A measurement of the H.V.L. will give an idea of the amount 
of filtration and can be used to meet NCRP recommendations. When I 
can see the collimation I will indicate in the report what type it 
is, and comment on it. The factors in common use will often include 
two values of "Maximum kV", one for adults and another for children. 
It is a good idea to measure the table top output at a series of 
fluoroscopic settings, so that the radiologist can use this data to 
make retrospective estimates of patient exposure. An elapsed timer 
is an accessory that should be present and working properly. Usually 
this is a recommended item, although in some states it may be required. 
I recommend that the elapsed time be recorded for each examination 
(to facilitate later estimates of exposure). The elapsed timer is 
also useful for the training of residents so that they will realize 
how much time they are taking. Many of these devices interrupt the 
X-ray exposure, a function which I believe is not proper. For some 
examinations such an unexpected interruption can negate the whole 
examination and lead to a rescheduling and additional exposure to the 
patient. I make a pretty strong recommendation that the elapsed timer 
should not interrupt the exposure, but that instead it should signal 
the end of a preset period of time by means of a buzzer or a warning 
light. 


As for a radiographic installation, I try to get model and serial 
numbers of the different items of equipment, although very often I 
have to be content with just a description of the equipment. 
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Important items to be checked during the inspection are the 
presence of a Buckyslot closer, side shield and screen drape. In most 
localities these are required items. They can serve as the basis of 
some more instruction, particularly to the technicians. I have found 
that technicians are often not aware of the existence of a Bucky slot 
closer - possibly because in some installations the Bucky tray has to. 
be pushed to one end of the table before the closer pops up or can be 
flipped up. With some types of equipment the closure is accomplished 
by a metal strip that moves with the Bucky tray, so that no special 
care is needed to bring it into place. It is a little surprising 
when I pull up the side shield to have a technician say, "Where did 
that come from?'' The screen drape (especially when the unit is ver- 
tical) is frequently inconvenient and can complicate fluoroscopic 
procedures for the radiologist. However, if only one of the four 
protective devices, screen drape, side shield, Bucky slot closer or 
leaded apron is in use, exposure is cut drastically, while the use of 
any of the others adds a smaller but useful amount of protection. Il 
do not feel that the protective devices on the unit should ever be 
used as a substitute for an apron on the radiologist, as the apron 
is the only device that stays in a constant position relative to him. 
As a consequence, if proper aprons are available, and used, I will 
attach less importance to the other shields. In my report I might 
state that they are recommended and that if convenient they should 
be used. In spite of the fact that these items may become legally 
required, it will be difficult to ensure compliance at all times and 
for all examinations. 


Lead rubber aprons and gloves are two more of the protective 
devices I inspect. It is my feeling that aprons should have 0.5 m 
lead equivalent so that a maximum factor of dose reduction is ob- 
tained. Even though the 0.25 mm lead equivalent apron is lighter, 
it is not a real favour to female technologists to provide them with 
the lesser protection. I do not believe in going to the trouble of 
radiographing aprons - you can feel if there are any cracks or breaks. 
I do always make exposures of gloves, and I also instruct the tech- 
nicians in carrying out the procedure, and recommend that it be done 
monthly. (I use a simple technique of 100 kVp and 10 mAs, but the 
positioning of the gloves is very important.) The most likely place 
to discover a radiation leak is between the thumb and first finger of 
the right hand, so it is necessary to position the glove carefully to 
properly show that area on the film. A second problem area is between 
the first and second fingers. Nowadays, I find that most gloves are 
quite adequate and that is quite an improvement over the situation 
5 years ago. (If the radiologist comments on how comfortable his 
gloves are, that is often a good indication that there are breaks 
that allow him freer movement.) When I come to make recommendations 
on these items I usually state that anyone in the room during the 
exposure should wear proper protective clothing (aprons) and, if 
their hands are at all likely to be close to the useful beam, they 
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should also wear gloves. In the event that a radiologist refuses to 
wear gloves, there is nothing I can doybut should he advocate this 
practice to his residents, I make a strong recommendation to the 
contrary. The radiologist who uses gloves for the first time will 
find them inconvenient, but if he continues to wear them for all 
fluoroscopic procedures, he will overcome the inconvenience. 


Image amplified equipment is still usually made with both "belt 
and suspenders" - so that if the image intensifier becomes unservice- 
able a conventional screen can be put in place. As a result the 
operation of the shutters has to be inspected for these two possible 
modes of use. Usually, the shutters can be opened to cover an area 
larger than the input phosphor of the intensifier but smaller than the 
fluoro screen. A point I check specifically is the centering. If 
the centering is incorrect it will be necessary to use a field size 
that is greater than the input phosphor to get the full field of view. 
Centering is also important on a conventional fluoroscope, but usually 
the field in use is a small portion of the whole screen area, so this 
adjustment is less critical, and for pure fluoroscopy I would accept 
as much as 1] inch off center. In any case, it is still necessary that 
the primary beam be limited to within the conventional screen when 
the shutters are wide open and the screen is 15" from the table top. 
There should be some margin visible in such a situation just so that 
you can be completely sure that this requirement is being met. (In- 
cidentally, if the image amplified unit does not have a back-up 
conventional screen, the shutters should limit the beam to the area 
of the input phosphor with the turret 15" from the table top.) In 
practice, the radiologist often will depend on the technologist to 
adjust the shutters on the image amplified fluoroscope before he 
starts his examination. I recommend that they set the shutters so 
that he will be able to see the edges of the field - or even to close 
the shutters so the setting then has to be made deliberately for the 
particular examination. To leave the shutters at the maximum opening 
would probably result in the whole examination being done with more 
patient exposure than is necessary. 


Measurement: 


I normally make tabletop dose rate measurements with and with- 
out an added filter (3 mm Al) to get some sort of estimate of the 
H.V.L. If the measurement with the added filter does not drop by 
50% I will assume the H.V.L. is greater than 3 mm Al and most likely 
above the 2.6 mm Al recommended for operation at 100 kVp. Unfortunately, 
it is necessary to make this sort of assumption because it is usually 
impossible to see the actual filter. NCRP Report 33, Table 2 includes 
‘values for tabletop exposure rates for various kVp, distances and 
added filtrations. There are a set of "shall" and "should" values 
in that table; for example, at 80 kVp the exposure rate shall not. 
exceed 3.2 R/mA-min and should not exceed 2.1-R/mA-min. I mention in 
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my report that the maximum exposure rate shall not exceed 10 R/min 
normally (Sect. 3.1.3.(a) NCRP 33) but usually I make a specific 
comment if the value exceeds 5 R/min. By and large, for image in- 
tensified fluoroscopes - which are those I most commonly encounter - 
I find values in the range 2 - 5 R/min for a current of 1 or 2 mA 
and 90 - 110 kVp. 


It used to be fairly common to find equipment that had been 
installed with little filtration, but nowadays it is rather uncommon 
to find a filtration of less than 3 mm Al. Radiologists shied away 
from extra filtration some years ago, but I found that when extra 
filtration was installed, they preferred the image made with the 
higher filtration. There is an inertia to such changes and it may be 
necessary for you to force the issue if the situation warrants it. 

Of course, the image amplifier has helped in this regard since the 
images are better and the added filtration makes little difference. 


One feature of image amplified equipment that does pose problems 
during an evaluation is the automatic brightness control. Quite 
often I use a water phantom for these measurements - often it is just 
a plastic container for solutions or a waste basket - filled to a 
height of 30 cm. This will push the ABC circuit to require high values 
of kV and mA. Actual kV and mA and tabletop exposure should be re- 
corded, however, this is often impossible because they (kV and mA) 
are not metered. This situation will change in the future, following 
the promulgation of new performance standards. This will make the 
evaluation easier since one way of checking whether the performance 
of an intensifier has deteriorated (for any of the reasons discussed 
by Mel Siedband) is to compare present values of kV, mA, and tabletop 
exposure with past values with a comparable phantom. The mA and kV 
indicators on automatic brightness controlled equipment should be 
in the room - not just at the control panel - so that the radiologist 
can see them and get an indication of his operating conditions. . 
Whether the meter readings are exact or not is less important than 
whether he can compare readings at different times. Many of the units 
with ABC also have the capability of being operated under a manual 
control of brightness level, and if this is available, I also use it. 
With manual control the kV and mA can be set to any desired value, 
but to protect the image amplifier I would: put 1/8" of lead in the 
useful beam beyond the measuring chamber. If you inadvertently 
measure an ABC unit on automatic without a phantom you will, of course, 
get extremely low values - probably you will not even be able to read 
the mA, and the doses will be infinitesimal - and completely unreal. 
So, measuring exposures for manual settings does not require a 
phantom, but to protect the amplifier, the 1/8" of lead must be 
used. Apparently, some of the newer units on the market are 
appearing without a manual mode. 


If the equipment is used for ciné work, other measurements will 
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be needed at the frame rates and kV's usually employed. Output should 
be proportional to frame rate, however, I still measure at all the 
frame rates actually in use. There are no recommended tabletop doses 
for cine work as yet, but my experience is’ that for 30 f.p.s. and 

90 - 110 kV, the usual values are between 10 and 20 R/min. Since 
there is so much variation, the only comment I can make in my report 
is to compare the measured values with those from other similar units. 
The mA values for the different brightness levels for ciné can be 
extremely high, and may even go up to 100 mA. Because of internal 
adjustments for the preset brightness levels that may vary, it is 
really quite difficult to intercompare units even of the same type. 
Hopefully, in the not too distant future, some representative and 
recommended values may be published. 


Evaluation: Scatter measurements: 


The evaluation of exposure rates from a fluoroscope is not too 
difficult, using the assumed workloads as previously mentioned. Area 
scatter measurements could be made for both fluoroscopic and cine 
settings, but again, to avoid overloading the system, I will usually 
make them at the fluoroscopic settings and extrapolate to the cine 
conditions. As previously mentioned, I make measurements at the 
highest kVp and mA ordinarily used and use the maximum field size 
with a phantom in the beam. If the unit is also a radiographic unit 
it will not be necessary to make measurements outside of the room as 
that has already been considered for the radiographic mode which 
demands more protection. I measure at the side of the table without 
shielding and then with various combinations of shielding so that 
the technician and the radiologist can get some feeling for the 
relative effectiveness of the side shield, screen drape, Bucky slot 
closer and apron. It is impractical to measure every combination, 
but the important thing to demonstrate is that the first protective 
device put in does the most good, and that as long as one is in place, 
this area will be pretty well protected. An example of these measure- 
ments is in Table 5 of NCRP Report 33 which lists some results I 
obtained using a 100 1b sack of flour as the phantom, with and with- 
out screen drapes at various kVps. The first protective device 
provides a factor of nearly 100, and additional devices drop the 
scattered exposure rate to almost unmeasureable levels. Another 
location for measurement is below the screen and a little to the 
side of the amplifier where a person is likely to be standing during 
vertical fluoroscopy. Measurements are made both with and without an 
apron. The decrease produced by the apron is usually enough to 
startle the radiologist, since the unprotected levels wili be even 
higher than those measured at the side of the table. One other 
location for measurement and evaluation in vertical fluoroscopy is 
at the level of the doctor's feet - below his apron. This value is 
ordinarily not of any great consequence, usually around 30 - 100 mR/hr, 
so that for a normal 5 hr/week exposure the total exposure will be 
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well below the permissible 1500 mR/week although it will be usually 
over 100 mR/week. This would be listed in ‘the report if it were 
higher than usual. 


On old vertical fluoroscopes and conventional fluoroscopes I 
measure the exposure through the screen, without a phantom in place. 
This can be evaluated by comparison with Table 4 in NCRP Report 33. 
If the value obtained disturbs the radiologist it should be pointed 
out that with a patient in the beam the exposure rate would drop by 
a factor of the order of 100 to 1000. 


Specific recommendations: 


Specific recommendations for fluoroscopic units include such items 
as shutter adjustments, addition of filtration, replacement of aprons 
and gloves, requirement for special shields, adjustment of kV and mA, 
etc. 


MOBILE UNITS 
Inspection: 


The inspection of mobile or portable X-ray units follows 
essentially the same line as for fixed radiographic units. I look for 
the presence of adequate cones or collimators and proper filtration, 
the availability of special shields, and ordinarily I look for and 
recommend the use of a leaded apron with a mobile unit. Equipment 
serial numbers are again required for legal purposes and again tube 
serial number is practically impossible to obtain and I instead use 
the tubehead serial number which is usually available. I investigate 
the techniques which are carried out, including the kilovoltages and 
milliamperages which are used and ordinarily assume a workload of 
250 mA-min/week which is generally higher than the actual workload 
for such units. 


Measurements: 


Output measurements for mobile units are identical to those for 
fixed radiographic units. I use the same fixed set of conditions, 
iee., 24" target-skin distance and maximum used kV. Results of 
measurements are again stated in R/100 mAs. In the evaluation 
these values can be compared with the sample values in NCRP Report 33. 


The only stray and scattered radiation dose which I measure is 
at the control panel with the unit operating at its maximum used kV 
and at its lowest mA. Again, at this point I instruct the technician 
or radiologist with me on the fact that the useful radiation beam 
should always be directed away from the control stand with the 
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tubehead as far from the control panel as possible and that no other 
persons should be in the vicinity. I also remind them of the fact 
that significant quantities of radiation are being emitted from the 
tubehead and that it should never be hand held. 


Evaluation and specific recommendations: 


Evaluation of the doses to patient and stray and scattered 
radiation doses are handled in an identical fashion to that for 
fixed radiographic units. Recommendations will also be of the same 
order as those for fixed radiographic units. 


PHOTOROENTGEN CHEST UNITS AND DENTAL UNITS 


These units are similar to fixed radiographic and mobile radio- 
graphic units with the exception that each is usually provided with 
a portable or semi-portable leaded shield behind which the operator 
stands during exposures. One of the critical things for such an 
installation is that the exposure switch be permanently fastened 
behind the leaded shield so that exposures must be made from behind 
the shield. Again, proper filtration must be present and beams must 
be limited to the size of the film for the photoroentgen chest unit 
and to a 3'' diameter circle for dental X-ray units. Workloads are 
generally low for these units and evaluations of stray and scattered 
radiation doses take these workloads into account in the same fashion 
as for radiographic units. 


TOMOGRAPHIC EQUIPMENT 


The tomographic unit is identical to a fixed radiographic unit 
except for the motion of the tubehead and film cassette during tomo- 
graphic procedures. All inspections and measurements will be similar 
to those for fixed radiographic units except that the patient exposure 
should ordinarily be measured with the unit in the stationary mode, a 
situation which will give a maximum estimate of the patient exposure. 
During normal use of the unit the patient exposure will be less than 
during the stationary exposure due to the fact that the beam moves 
over the surface of the patient. 


OTHER ITEMS TO BE COVERED DURING THE DEPARTMENT EVALUATION 


During the entire evaluation I inspect the darkroom looking for 
general neatness and good equipment maintenance, both of which lead 
to efficient use of radiation and minimal doses to patient. An 
improperly run and sloppy darkroom will contribute to patient dosage 
as a result of ruined films and subsequent required re-examinations. 
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During the evaluation, I also look at as many films as possible 
in order to get an idea of the general level of image quality which 
again enters into the balance of benefit versus risk for the patient. 
I try to observe technicians while they are carrying out their 
procedures since this often leads to my gaining information that 
could not be gained otherwise. I also look at waste baskets in film 
reading rooms, darkrooms and film sorting rooms to get an idea of 
whether a significant number of films are discarded, thus making 
retakes necessary. 


I also look into monitoring procedures and records to make 
certain that they are properly carried out and properly kept. I also 
keep my eyes open to see that personnel within the department are 
wearing their personnel monitors rather than keeping them in their 
desk drawers. 


The evaluation of all of these extra items adds a good deal of 
information which makes the overall evaluation complete and allows 
me to make some general statement about the department as a whole. 


FINAL REPORT 


The final report will include essentially all of the items listed 
above, but ordinarily I do not include the raw measurement data for 
stray and scattered radiation measurements. Instead, I include the 
calculated maximum expected doses per week at the various positions 
since these are the values which can realistically be compared with 
maximum permissible doses. In the beginning of the report I include 
all definitions and assumptions which will be used in the evaluation. 


I make recommendations for each X-ray installation, even if the 
recommendation is that no changes are required. This must be done 
since what the radiologist, hospital administrator, insurance 
inspector, accreditation inspector, or state inspector wants to know 
is whether the installation is acceptable from a radiation safety 
standpoint or not. 


A few pages from a sample radiation evaluation are included as 
an appendix to this talk. This survey was carried out in the 
manner which I have outlined above. 


In conclusion, a word of caution should be expressed about a 
report such as this sample. While this is suitable as a professional 
consultation report, it is not the type of report that is required 
to be submitted along with the application for certification by the 
American Board of Radiology. For this purpose, the report should 
include raw data and the methods by which they are handled should be 
included. Also, calibration and characteristics of the radiation 
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measuring instruments must also be included. Also, for the Board 
report, a negative report is unacceptable since it would give no 


indication as to what corrective measures the physicist would 
recommend when something is wrong. 
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EXCERPTS FROM SAMPLE REPORT 
TO: 
ATTENTION: 


SUBJECT: Report of radiation protection survey, inspection, and cali- 
bration of twenty-one (21) diagnostic X-ray units and 
installations, one (1) radium storage facility and contents, 
and one (1) strontium-90 beta ray applicator at the ------- 
-o--------- Hospital, --------------2-, -2-------. 


CONDITIONS OF SURVEY: 


The following survey and inspection report is the result of 
measurements conducted by the undersigned on June 21 and 22, 1971, per- 
formed in the manner prescribed by the National Council on Radiation 
Protection (NCRP) as set forth in NCRP Report No. 33, issued February, 
1968. The survey and inspection is also in accord with the rules and 
regulations of the Commonwealth of Pennsylvania Department of Health, 
Chapter IV, Article 433, Regulation for Radiation Protection, as 
amended to January 1970. 


Patient dose rates at appropriate distance were measured for all 
units. These dose rates can be evaluated by comparing with the per- 
missible and recommended dose rates as stated on Page 2 of this report. 


Stray and scattered X-ray measurements were made with the useful 
beam from the X-ray unit pointed as closely toward the position in 
question as possible during normal use of the unit. Measurements were 
made with the shutters wide open and the beam directed at a patient- 
equivalent phantom. Assumptions in accord with recommendations of the 
NCRP were made as to workload (W) of the unit. Radiographic workloads 
are stated in milliampere minutes per week (mA-min/wk), fluoroscopic 
and cinefluoroscopic workloads in hours per week, and occupancy around 
the storage facility in hours per week. One hundred percent occupancy 
of all positions for which measurements were made are assumed. The 
above assumptions were used along with the measured values to calculate 
MAXIMUM EXPECTED DOSES PER WEEK at the various selected positions 
around the X-ray units and radium storage facility. Measurements at 
positions other than those selected may be assumed to yield dose rates 
lower than those measured. Inspections were made of the X-ray units 
and installations, the radium storage facility and all associated 
equipment from the standpoint of radiation safety and general usability. 


In evaluating the MAXIMUM EXPECTED DOSES PER WEEK, the following 
presently accepted (NCRP) values of MAXIMUM PERMISSIBLE DOSE have been 
used as a guide. They should be referred to in evaluating all rad- 
iation hazards associated with this Department: 
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(Sample Report) 
MAXIMUM PERMISSIBLE DOSE, controlled or 


restricted areas 100 mR/wk 
MAXIMUM PERMISSIBLE DOSE, uncontrolled or 
unrestricted areas 10 mR/ wk 


(NOTE: A controlled or restricted area is one which requires 
control of access, occupancy, and working conditions for 
radiation protection purposes. At the ------------- 
Hospital, -------------- » Pennsylvania, all areas within 
the X-Ray Department proper are considered as controlled 
areas. All other areas are considered uncontrolled.) 


Doses to the patient during diagnostic procedures have been 
measured and listed in this report. In evaluating these doses, approp- 
riate recommendations of the NCRP should be referred to. These are as 
follows: 


Maximum dose to patient at tabletop (measured in air) for 
fluoroscopic procedures at any settings 10 R/min 


Suggested air doses to patient at various settings 
and distances: 


Radiographic dose at 65 kVp and 39 inch TSD 0.4 ae mAs 
Radiographic dose at 75 kVp and 30 inch TSD 0.8 R/100 mAs 
Radiographic dose at 80 kVp and 24 inch TSD 1.4 R/100 mAs 
Radiographic, dose at 90 kVp and 24 inch TSD 1.9 R/100 mAs 
Radiographic dose at 100 kVp and 24 inch TSD 2.3 R/100 mAs 
Radiographic dose at 100 kVp and 30 inch TSD 1.4 R/100 mAs 


Radiographic dose at 100 kVp and 36 inch TSD 1.1 R/100 mAs 

Radiographic dose at 100 kVp and 72 inch TSD 0.3 R/100 mAs 

There are no maximum permissible or recommended doses stated 
for cinefluoroscopic X-ray procedures. (NOTE: Cinefluoro- 
scopic doses measured in the --------------- Hospital are 
comparable to similar doses measured at other installations 
and may be assumed to be permissible.) 

Radiographic dose rates may be double the above values for full 
wave rectified units and still permissible. 


Recommendations resulting from this survey and inspection are 
stated. These recommendations are in accord with those of the NCRP 
and the Commonwealth of Pennsylvania Department of Health. 


MEASUREMENTS , CALCULATIONS AND SPECIFIC RECOMMENDATIONS : 


Fluoroscopy Room A: 
Unit: Picker G-300-6 


Tubes: Undertable - Picker Model PX-35HF 
Overtable - Picker Model PX-18AH, Ser. No. D-1492 
Workload: Radiography-1000 mA-min/wk @ 100 kVp or equivalent 
Fluoroscopy-2 hours per week @ 95 kVp and 2 milliamps 
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(Sample Report) 
DOSES TO PATIENT: 
Radiographic dose to patient 


@ 24 inch TSD (100 kVp) 1.3 R/100 mAs 

Fluoroscopic dose to patient at tabletop 4.0 R/min 
INSPECTION : 

Fluoroscopy: 


1. Unit, is provided with Bucky slot closer, screen drape, 
and side shield. 

2. Unit is provided with proper 5-minute elapsed timer. 

3. Shutters on unit were examined and found to be improp- 
erly centered on the input phosphor of image amplifier. 

4&. Room is provided with leaded aprons and gloves in 
good condition. 

5. Room is provided with a good control booth which 
provides proper visual and oral communication with 
patient. 

6. All doors, walls and control wall in this room are 
provided with 1/16 inch lead shielding. 

Radiography: 

1. Unit is provided with an excellent rectangular light 
localizing collimator with 2 mm added Al filtration. 

2. Collimator adjustment was checked and found to be 
properly aligned. (Film made) 


MAXIMUM EXPECTED DOSES PER WEEK: 


Fluoroscopy: 
At side of table with screen drape and 
Bucky slot closer 44 = mR/wk 
Same with leaded apron 3.0 mR/wk 
Same with side shield 1.4 mR/wk 
At bottom of screen in vertical 
fluoroscopy 320 3 mR/wk 
Same with leaded apron 5.6 mR/wk 
At position of doctor's feet during 
vertical fluoroscopy 60 mR/wk 
At control panel 1.4 mR/ wk 
Radiography: 
At control panel with beam angled 
toward controls 33.3 mR/ wk 
In X-ray corridor with beam angled 
toward corridor 0.01 mR/wk 


SPECIFIC RECOMMENDATIONS : 
1. Shutters on fluoroscopy unit should be adjusted so that 
shutter opening is centered on input phosphor of image 
amplifier. 
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(Sample Report) 
Fluoroscopic Room D: 

Unit: General Electric Model KXD-325 

Tubes: Overtable - G.E. Model 11DB7, Ser. No. 5/9028 
Undertable - Machlett Dynamax 4, Ser. No. N21338 

Workload: Radiographic-1000 mA-min/wk @ 100 kVp or equivalent 

Fluoroscopic - 2 hours per week @ 100 kVp and 
3 milliamperes 


DOSES TO PATIENT: 
Radiographic dose to patient @ 24 inch TSD 


(2 mm Al in turret)(100 kVp) 1.2 R/100 mAs 
Fluoroscopic dose to patient @ tabletop 8.0 R/min 
INSPECTION : 
Fluoroscopic: 
1. Unit is provided with Bucky slot closer and screen 
drape. 


2. Unit is provided with 5-minute elapsed timer which 
is inoperative. 

3. Shutters on this unit were inspected and found to be 
poorly adjusted. 

4. Room is provided with leaded aprons and gloves in 
good condition 

5. Room is provided with a good control booth which 
provides proper visual and oral communication with 
patient. 

6. All walls, doors and control wall in this room are 
provided with 1/16 inch lead shielding. 

Radiographic: 

1. Unit is provided with excellent light localizing 
collimator with turret filter including 0, 1, 2, and 
3 mm added Al filtration. 

2. Collimator on this unit was checked and found to be 
properly positioned. (Film made) 


MAXIMUM EXPECTED DOSES PER WEEK: 


Fluoroscopy: 
At side of table with Bucky slot closer 
and screen drape 80 = mR/ wk 
Same with leaded apron 8.0 mR/wk 
At bottom of screen during vertical 
fluoroscopy 800 mR/wk 
Same with leaded apron 14.0 mR/wk 
At position of doctor's feet during 
vertical fluoroscopy 120 = mR/wk 


(NOTE: Maximum permissible dose to feet is 1500 mR/wk) 
At control booth 0.6 mR/wk 
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(Sample Report) 


Radiography: 
At control panel with beam angled toward 
control panel 1.7 mR/wk 
In X-ray corridor with beam angled 
toward X-ray corridor 0.03 mR/wk 


SPECIFIC RECOMMENDATIONS : 
1. Fluoroscopic elapsed timer should be repaired. 
2. Shutters on fluoroscopic unit should be adjusted so 
that collimators are centered on input phosphor of 
image amplifier. 


Angiography: 
Unit: Siemans Gigantos Diagnostic X-Ray Unit 


Tubes: Overtable ~ Siemans Ser. No. F09/7/00 
Undertable - Siemans Ser. No. FL95361 
Workload: Radiography - 1000 mA-min/wk @ 100 kVp or equivalent 
Fluoroscopy - 2 hours per week @ 100 kVp and 
2 milliamperes 
Cinefluoroscopy - 1 hour per week @ 100 kVp, 16 
frames per second and 70 mA 


DOSES TO PATIENT: 
Radiographic dose to patient @ 24 inch TSD 
(100 kVp) 1.7 R/100 mAs 
Fluoroscopic dose topatient @ tabletop 4.0 R/min 
Cinefluoroscopic dose to patient @ tabletop 10 R/min 


INSPECTION: 
Fluoroscopy: 

1. This is a special cardiac table (Spectrum) which has 
no screen drape or Bucky slot. 

2. Unit is provided with proper 5-minute elapsed timer. 

3. Room is provided with leaded aprons in good condition. 

4. Shutters on this unit were inspected and found to be 

properly adjusted. 

5. This room is provided with a proper control booth 
with good visual and audible communication with 
patient. 

6. Room is provided with 1/16 inch lead in all walls 
and doors. 

Radiography: 

1. Unit is provided with an excellent rectangular light 
localizing collimator with an unknown amount of 
filtration. 

2. Collimator on this unit was checked and found to be 
properly positioned. (Film made) 
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(Sample Report) 
MAXIMUM EXPECTED DOSES PER WEEK: 


Fluoroscopy: 
At side of table with no apron 1200 mR/wk 
Same with leaded apron 16.0 mR/wk 
At back of table with no apron 1200 = mR/ wk 
Same with leaded apron 16.0 mR/wk 
At control booth 1.0 mR/wk 
In X-ray corridor outside of room 
with door open 70.0 mR/wk 
Same with door closed 0.04 mR/wk 
In adjacent angio prep room None measureable 
Cinefluoroscopy: 
At side of table with no apron 2500 = mR/wk 
Same with leaded apron 85.0 mR/wk 
Radiography: 
At control panel with beam angled 
toward panel 33.3 mR/wk 
In X-ray corridor with beam angled 
toward corridor and door closed 0.7 mR/wk 
In adjacent angio prep room with beam 
angled toward prep room 0.13 mR/wk 


SPECIFIC RECOMMENDATIONS : 
NONE. 


Radiographic Room 1: 
Unit: Siemans Heliophos 


Tube: Siemans Ser. No. FX89 
Workload: 1000 mA-min/wk @ 100 kVp or equivalent 


DOSE TO PATIENT: 
Radiographic dose to patient @ 24 inch TSD 
(100 kVp) 3.2 R/100 mAs 


INSPECTION: 

1. Unit is provided with an excellent rectangular light 
localizing collimator with 2 mm added Al filtration. 

2. Collimator was checked and found to be improperly 
positioned. (Film made) 

3. Room is provided with a good control booth with proper 
visual and audible communication with patient. 

4. Room is provided with 1/16 inch lead in all walls and 
doors. 


MAXIMUM EXPECTED DOSES PER WEEK: 
At control panel with beam pointed downward 
and with door open 43 mR/wk 
In X-ray corridor with beam pointed toward 
X-ray corridor 4.3 mR/wk 
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(Sample Report) 
SPECIFIC RECOMMENDATIONS: 
1. Collimator on this unit should be adjusted so that light 
beam and X-ray beam coincide. 
2. Unit should be provided with an additional 1 mm added 
Al filtration. 


Chest Room: 
Unit: Picker Model G-500S Unit with automatic cassette 
changer 
Tube: Picker Model PX18AH, Ser. No. L-8703 
Workload: 1000 mA-min/wk @ 100 kVp or equivalent 


DOSE TO PATIENT: 
Radiographic dose to patient @ 72 inch TSD 
(phototimed @ 100 kVp, 20 cm thick phantom) 0.058 R/exposure 
Radiographic dose to patient @ 72 inch TSD 
(200 mA, 1/30 second, 100 kVp, 20 cm thick 
phantom) 0.009 R/exposure 


INSPECTION : 

1. Unit is provided with an excellent rectangular light 
localizing collimator with 2 mm added Al filtration. 

2. Collimator was checked and found to be properly 
positioned. 

3. Chest cassette holder is provided with a permanently 
mounted 10:1 fine-line grid. It should be noted that 
this grid increases the dose to the patient by a factor 
of 6 over that required for normal non-grid chest 
exposures. 

4. Room is provided with a good control booth with proper 
visual and audible contact with patient. 

5. Room is provided with 1/16 inch lead in door and walls 


MAXIMUM EXPECTED DOSE PER WEEK: 
At control panel during chest use 60 mR/ wk 
In X-ray corridor during chest use 0.07 mR/wk 


SPECIFIC RECOMMENDATIONS : 

l. It should be recognized that the use of 10:1 grid on 
this unit does increase exposures approximately six-fold 
over conventional non-grid chest exposures. The dose 
to the patient is relatively low in either case. It is 
possible that the grid could be made removable so that 
exposures could be made either with or without grid, 
thus keeping exposures to a minimal level for all 
patients. 
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Sample Report) 
Dental Unit in Radiographic Room 1]: 
Unit: G. E. Model E-CDX Dental Unit 
Tube: General Electric, (Type and Ser. No. unknown) 
Workload: 2500 mAs/wk @ 70 kVp and 10 mA 


DOSE TO PATIENT: 
Dose to patient at end of 6 inch cone tip 
(70 kVp) 0.8 R/10 mAs 


INSPECTION: 

l. Unit is provided with a proper lead diaphragm 
mounted inside of 6 inch cone which provides a 
2.5 inch circle of radiation at the cone tip. 

2. Unit has 2 mm added Al filtration. 

3. Room is provided with a portable shield containing 
1/16 inch of lead. 

4. Exposure cord is not fastened behind portable shield and 
thus exposures can be made with operator not behind the 
portable shield. 


MAXIMUM EXPECTED DOSES PER WEEK: 
Behind portable shield with beam directed 
toward portable shield 75 mR/ wk 


SPECIFIC RECOMMENDATIONS : 
1. Exposure cord should be fastened behind portable 
shield so that exposures must be made from this 
position. 


Mobile Unit #1: 
Unit: General Electric Model 90 Portable Unit 
Tube: Tubehead Serial No. 581579 (G.E.) 
Workload: 250 mA-min/wk @ 80 kVp or equivalent 


DOSE TO PATIENT: 
Radiographic dose to patient @ 24 inch TSD 
(80 kVp) 2.0 R/100 mAs 


INSPECTION: 

1. Unit is provided with a light localizing adjustable 
cone with a center marker. The light localizer light 
is not operating. 

2. Unit is provided with approximately 1] mm added Al 
filtration. 


MAXIMUM EXPECTED DOSES PER WEEK: 
At control panel with beam down 43 mR/wk 
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(Sample Report) 
SPECIFIC RECOMMENDATIONS : 
1. Unit should be provided with an additional 1 mm added 
Al filtration. 
2. Light localizing collimator should be serviced so that 
all lights are operating. 


Cystoscopy Room, Surgery: 
Unit: Picker Model R2 Cystoscopic Unit 


Tube: Machlett Dynamax 25, Ser. No. F69582 
Workload: 500 mA-min/wk @ 100 kVp or equivalent 


DOSE TO PATIENT: 
Cystoscopic dose to patient @ 24 inch TSD 
(100 kVp) 2.3 R/100 mAs 


INSPECTION: 

l. Unit is provided with a fixed cone and diaphragm which 
limits beam to area of film. 

2. Unit is provided with 2 mm added Al filtration. 

3. Unit is provided with a control booth and an adjacent 
closet. The door to this closet is provided with no 
lead. 

4. There is no lead in the corridor doors or walls. 


MAXIMUM EXPECTED DOSES PER WEEK: 
At control panel with beam directed downward 2.2 mR/wk 
In surgery corridor with beam directed downward 2.6 mR/wk 


SPECIFIC RECOMMENDATIONS : 
NONE. 
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DISCUSSION TOPIC 
EQUIPMENT EVALUATION AND SURVEYS 


Wrights There was one point in your inspection of the department, Jack, 
before you start to measure, that I should like to emphasize, It is 
very necessary to talk to the technicians themselves to find out how the 
equipment is used. The configuration you find the equipment in may not 
be the only one in which it is used, 1 was involved in a case where a 
patient had mammograms taken and had received several hundreds of rads 
Surface dose, because it was done with a beryllium window tube without 
added filtration (I hasten to add this was not done at my institution), 
The equipment had been state inspected, and presumably had been seen in 
its more normal configuration with added filters and a light localiser, 
For mammography the filters were removed, the light lecalizer removed 
and an open cone substituted, So it is not enough to check the equipment 


as you find it, you must be sure it is always used that way, or check it 
also in any alternate mode, 


Q.t Isn't it customary with normal tungsten targets x-ray tubes to 
remove the filters for mammography? 


Wright: This was a beryllium window tube, and according to NCRP 33, below 
50 kV you should have 0.5 mm aluminum filtration - the inherent filtration 
of a conventional tube is usually more than that, In this particular 
case a great deal of tungsten characteristic L radiation was escaping 

from the tube. An interesting sidelight was that many of the radiolo- 
gists were unaware of this hazard of the beryllium window tube to pro- 
duce large patient exposures and skin reactions. 


Q,: How do you recognize a beryllium window tube in a diagnostic housing? 


Wright: I'm not sure, I assumed it had to be this, and a step wedge 
film with a mylar sheet step wedge proved it, 


Krohmer: The problem is that you are not sure what you are looking at - 
the tube window or a filter. In superficial therapy units which have 
beryllium window tubes, that fact is marked on the outside, I think that 
this would be a good thing to do on all such tube heads, because of the 
tremendous difference in output, Really, there isn't any reason at 
Present for a diagnostic tube to be made with a beryllium window, Our 
committee that prepared NCRP 33 knew that when we decided that the 

minimum filtration should be 0.5 mm Al we were putting the beryllium 
window-makers out of business, and that this is really what should be done, 
I think, by and large, that there are not too many of these around any 
nore, but they are available, I don't know just how you can identify 
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them unless someone happens to remember the fact, 


Wright: Part of the problem in this case, I understand, was that the 
staff of the department where this had happened had changed fairly 
considerably since the tube was first installed, 


Krohmer: I want to expand on that. This business of the equipment being 
changed between the time you make measurements and when it is used is 
something that is very hard to get at. It would be nice if you could 
get into the department and roam around before the staff knew you were 
there - it’s difficult to do, but often the chief radiologist will 
co-operate in this, In that way you get to see just how things are 
actually done, I always try to watch some of the procedures with this 
in mind, If the staff sees you running around with a cart full of 
instruments, they have an idea of what you are up to, and if there are 
filters out of the machines they will have been replaced before you get 
to them, portables will appear with cones that are never used, and 50 on, 
It certainly would be best if you could observe the operation before 
anyone knows why you are there, so that you can really make a complete 
investigation, 


Castro: There is nothing in NCRP 33 about inspection of equipment on a 
yearly basis, Sometimes the radiologists are the first ones against 
inspection, and if this is spelled out it would be easier for the majority 
of physicists to comply with regulations or recommendations of inspecting 
the equipment once a year, For example, in fluoroscopy I have found in 
several locations, that after I have inspected the equipment, the size of 
the radiation field 3 or 4 months later is greater, due to the manipulation 
of the shutters by the radiologist, I have been called and told some 
‘fingers’ have appeared on the spot films - the result of the shutters 
failing to close as they are supposed to, I think in many cases this 

can occur and the radiation is escaping at the edges of the table and in 
these cases they were lucky to be able to detect it early, 


Wright: You are suggesting that equipment should mandatorily be 
inspected once or twice a year? 


Castro: No, my suggestion is that this requirement should be spelled out 
in the reports, that it be inspected at least once a year, 


Fields: I agree, 


Wright: As part of the educational aspect, it is instructive and 
disheartening, to wander through the department and just look at the 
position of the shutters on the collimators - 90% of the time, probably 
in the fully open position, 


Castro: When you measure the alignment of the light beam and the 
radiation beam, have you tried putting a film well beyond the area 
where you expect the image of the beam? 
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Krohmer: I never have unless I've thought there was a leakage problen, 


Castro; I have found on three occasions an exposed ring of radiation at 
least 10” in diameter, well outside the field set. This is leakage which 
is not detected by a test of leakage radiation through the housing, or by 
the normal alignment test. 


Krohmer: The BRH has conducted surveys with “wings"™ or a big film cross 
attached to the major test film and have reported exposures far out from 
the edges of the field, 


Garson: I don't know the results of the BRH survey, but from our own 
experience, if you take a heavy enough exposure you are going to find all 
kinds of weird things that are difficult to-quantitate - it could be 

1/10 or 1/100 of 1% of the primary beam, So just finding these weird 
shadows in the open does not necessarily mean that it is serious, 


Krohmers: I didn't think it was either, The only time I found anything 
significant was when I did a factory survey of a new unit being made by 

a dental x-ray company, They actually had an annular beam just as intense 
as the useful beam, before they redesigned their collimator adapter, 

This brings to mind that using radiographic film is probably the worst 
way of carrying out stray radiation measurements, I shudder whenever I 
walk into a department and see dental films taped to the walls with 
pennies clipped to them, and I cringe when radiologists tell me that they 
found leakage radiation with a dental film, because usually they do not 
realise how sensitive the film is and that it can only get so black, 

I don't know whether dental film will solarize under these conditions, 
but it is about as black as it is going to get at around a few mR, I 
try to keep anyone from using this method, I always tell them, if you 
want to make measurements of stray radiation, use a meter - bad as it 

may be, it will still give a better indication than filn, 


Siedbands: Many of the collimators that are used have two sets of 

leaves, inner and outer, and often they are not too well registered 
because of handling the displacement between the large and the small focal 
spots at the anode, Dr Eves at Westinghouse Research Labs, made some 
measurements of off-focus radiation from the tubes - particularly with the 
smaller focal spot tubes, and he found that on one such tube almost 

20% of the total radiation emitted through the collimator did not come 
from the focal spot, With the larger focal spot his batting average was 
a little better, closer to 15%, This of course will cause a certain 
amount of shadowing or loss of sharpness, Depending on the particular 
sort of collimator, this might also cause some rather large image 
Spreading, I was rather shocked at the quantity of off-focus radiation, 


Another thing - I notice that many of the manufacturers are going to 
graphite anodes with a small tungsten insert in the graphite and this 
should help considerably in the reduction of off-focus radiation, Machlett 
demonstrated how they were able to make a pinhole picture of the whole 
interior of the tube simply by obscuring the focal spot, they were able to 
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let the tube take its own picture by its own off-focus radiation through 
a pinhole device, 


Gorson: One of the techniques I have used for years - I am not sure if you 
would agree with it Jack - in doing a survey of a new department, as Il 
would not usually go to the trouble of measuring the transmission through 
all the barriers, is to plaster film badges all over the place, inside 

and out, and leave them for two or three months, In a fluoroscopy room 
for example, I would put one on each side of the door, You get some idea 
of what is happening, 1 have never found anything alarming, Almost 
always the film badge readings under actual load conditions are so low 
that you get below the recordable level for any of the occupied areas, 
while even in the room itself the values are much lower than you would 
expect even when you make all sorts of assumptions about the direction of 
the bean, 


Krohmer: I would guess that you would get just what you report with 
film badges on the walls, because integrated exposures outside of 
diagnostic rooms are quite small, even if no effort has been made at 
supplying radiation barriers, The trouble you go to is not great, I 
suppose, so I wouldn't be against it, 1 don't think I will follow your 
technique though, I hate to give the radiologist the idea that this is 
@ good way of doing it without knowing what the limitations are, and as 
I said, I shudder when they tell me they are using films to check on 
radiation levels, 


Portable and Mobile Units, 


Q,: Would you comment on what special things should be done in a survey 
of portable units? 


Krohmer: The portable unit - or perhaps I should say mobile unit because 
there are not many that are portable, and many are not even very mobile 
for small technicians - is not a much different problem from the fixed 
radiographic unit, Of course, there are no walls to protect and no 
control booth, but the sort of things that I look for are the arrangenents 
of the exposure switch, the position of the meters (can they be seen 
mormally during an exposure), the collimators (on modern units these are 
@s good as on many fixed units), thus we are still talking about the same 
sort of things as before, There is one difference, and that is the 

work load, which is always much less than for fixed units, It is possible 
to give more instruction here in portable evaluations, I let the 
individual with me see the exposure levels at the control panel when the 
beam is pointed down and show that with the work load taken into account 
it calculates out to be acceptable, I think that with people who use 
portables familiarity breeds contempt. They are often in a rush and 

they need to be reminded that it is always possible to avoid exposure 

by the direct bean, 


I look for an apron to be carried with the unit, The wearing of a 
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1/2 mm equivalent lead apron will cut the exposure to the wearer by a 
factor of from 10-100 depending on the kV used in the diagnostic proced- 
ure, 


With some of the older units one could have leakage problems, and 
at times it may be necessary to measure leakage radiation from the head, 
This is a measurement usually not worth doing on modern units, as NCRP 
33 states that it need not be measured if a prototype has been measured, 
To carry out leakage measurements does put a considerable strain on the 
tube, 


Even if the rest of the equipment in a department is modern, there 
is a tendency to have older portables still in use, The newer capacitor 
discharge portable units are also truly mobile, and about the same size as 
the older units, Their principal problem is that the mA is continuously 
falling, thus making stray radiation a little more difficult, and 
requiring the use of an integrating survey instrument, 


Comment (BRH Rep.): With these capacitor energy storage systems the 
operational relationships of kV and mAs just do not hold. Some x-ray 
units of this type have built into them a kV modulator which, for the 
thicker patient, requires the technician to adjust the kV. However, 
some of these units merely have mAs dials, and whereas the technician 
is usually trained that doubling the mAs doubles the output, in this 
case the output does not double and what one gets is a lot of softer 
radiation - with much more exposure to the patient and less to the filn. 
This is an important area for education of the technologist, so that he 
can avoid giving excess skin exposures. 


Siedbands This is exactly right. The capacitor discharge units, the 
better ones, will have approximately 1 uF capacitor, charged up to a 
maximum of about 100 kV, and many of these units work by simply discharging 
the capacitor, The tube is a temperature limited diode, so naturally 

the capacitor discharges in a nice straight line fashion, Film darkening 
is roughly a fifth power law, so that if you were to start at 100 kV, by 
the time you get down to 90 kV, discharging the capacitor, you have about 
half of the darkening that you are going to get - and if you continue to 
discharge down to say 82 or 83 kV you get half of what is left, so 
Obviously you do not want to discharge much farther than that, but yet the 
mAs values are linear, In other words, for each 10 kV drop, no matter 
where you are you get the same mAs, so the mAs dials are not meaningful, 
On our unit, we took it off so that people would not be misled, 


Krohmer: I've seen some with charts that suggest to the technologist that 
he give exposures using 70-80 kV - which already puts him well dow the 
kV scale and calls for 30 mAs or 40mAs exposures, In this case, the 

kV excursion goes from 80 kVp to about 30 or 40 kVp and obviously one is 
simply exposing the patient to a lot of too-soft radiation, 


Siedband: I think, to be blunt, it is ridiculous to have any capacitor 
discharge unit discharge more than 20-25% of the way down; beyond that I 
think it is utterly pointless because there is no significant gain in 
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film darkening. 


Comment (BRH Rep.): The mAs dial has some practical value where you 
are able to select much shorter times, such as for chest radiographs - 
but it should not be called mAs. On some units it is called "time". 


Krohmer: I'd like to say I wasn't aware of this and I'm glad to get 
the information. 


Stanton: I think we all are. 


Krohmer: I think it is very important to know that when the capacitor 
unit is plugged in and charged that there may be some radiation emitted, 
and that this can be rather high in intensity. 


Siedband: This is quite a problem. I think capacitor units do leak. 
There is always a certain amount of field emission in the tubes themselves 
in a capacitor discharge unit because you are relying on a grid. I think 
that it is rather important that there be some other means for controlling 
the beam other than the control grid in the tube - perhaps the collimator 
could be designed so that just prior to making an exposure an additional 
lead barrier over the end of the tube moves out of the way, somehow inter- 
locked with the exposure as a means of stopping the field emission. 


Comment: Recently I learned of a tube that went bad with 200 mR/hr coming 
out of the tube, discovered when the technician found her films getting 
dark, So when they go bad they really go bad, 


Comment (BRH): There is a problem as to what to compare the field 
emission leakage against - there are as yet no performance standards, 

NCRP has a tube leakage requirement, but nothing of this type, The BRH 
has a level in the upcoming standard and this has been discussed with the 
manufacturers and the companies selling these units in this country, 

There are no Asian standards, and the levels that they have allowed there 
are even in excess of the tube housing leakage levels in this country, and 
I believe that after the standard comes out you will see shutters on all 
the units, not just the one Siedband referred to, although there is no 
need to be overly concerned with existing units, The BRH has surveyed 
some units and have published evaluations, We looked at the leakage, 

and the operational characteristics = heating curve, possible work load, 
and found the leakage value did not in fact come even close to 100 mR in 

1 hour, If units were in excess of that, you should contact the manufac- 
turer as there is probably a tube problem, and a new tube will return the 
value to normal, The real source of the problem is not clear to the 
manufacturers, it may be a field emission effect from the grid, or a 

gas problem - two of the Japanese manufacturers believe it to be a dust 
problem, Apparently there is a high rejection rate for the grid controlled 
tubes, The grids are not like the grids in the rotating anode tubes, they 
actually are a third element, a screen grid between cathode and anode - so 
there could be field emission effects, Apparently one state has banned 
this type of unit, but this seems unreasonable. | 
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Comment: The improvement in bedside x-rays with these units is signif- 
icant compared to the old units where you usually did not have enough 
power available, 


Q.: What is the leakage value you actually measure? 


Comment (BRH): The rates can vary and seem alarming - as high as 
thousands of mR/hr, but for the discharge-charge-discharge cycle, where 
one might charge up the capacitor and instead of making an exposure 
allow it to discharge through the field emission effect (there are also 
bleeder resistors that take the charge down), we were measuring at most 
fractions of an mR, and sometimes orders of magnitudes less. The level 
one measures is intermittent, while repeated measurements may differ 
widely even with only a few minutes between measurements. This is simi- 
lar to what we have heard was the experience with early gas tubes that 
were so erratic; the voltage does bleed off in a matter of minutes. 


Q.: Is the tube charged right before it is used? 


Comment (BRH): Yes. I remember one tube we tested, you could get this 
spurious discharge for about 2 minutes, and when it got below 85 kV it 
could not be detected, and in one discharge this would amount to 0.05 mR. 
When it was first turned on, the reading on a survey meter would immedi- 
ately alarm a surveyor, but it quickly drops off. 


Q,: You mean that the integrated amount from when you charged up to 
when it comes down is less than 1 mR? 


Comment (BRH): Very much less, with this unit - although the rate 
is high, 


Reporting the Survey. 


Q,: I'd like to investigate the relationship between the physicist and 
physician, When you make a survey, and assume you find a 30 mA portable 
with just one cone that must cover a whole chest at 30", obviously you can 
say that smaller cones are needed, but would you also say to the physician 
that he is giving too much radiation to his patients and that his equipment 
is not giving as good a diagnostic quality as he could get? Would you 
say this in your report? 


Krohmers I would not hesitate to say that the equipment is not provided 
with the proper cones - and I would report that before I left, as this 
should be taken care of immediately, 1 would tell him the large cone is 
absolutely unsuitable - and often he will say "I didn't know they were 
using that cone, we are supposed to have a smaller one" - so they put in 
an order, and in six months when you return, it still hasn't arrived! 

It would seem that you would not have to tell a radiologist that he can 
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get better film by coning down, but if I think he needs telling, I tell 

him, JI think it helps to give a kick in the tail and I don't hesitate 

to do it, If someone calls you in, he is usually ready to accept 

advice, as long as it is well justified, If on a return visit the problem 
is not remedied I recommend the unit be taken out of use. Actually 
nowadays I recommend putting a light localising collimator on all units, 

if possible, 


Q,: Would you suggest a capacitor discharge machine to replace a 30 mA 
portable? 


Krohmers Well, 30 mA will require about 1/3 of a second for a chest film 

and I don't feel that this necessarily is a horrible thing, At this time 
I certainly would not condemn the capacitor discharge units - they can go 

practically any place in the hospital and make exposures, However, I am 

not convinced that the 30 mA is so bad, on an emergency basis, 


Gorsons I think that if you are going to provide professional rather than 
just technical service, it is incumbent on you to use your best judgement 
to give any advice you think worth making ~- diplomatically, Instead of 
telling a physician his technique stinks, you could say other hospitals 
you are familiar with carry out a similar study with 1/3 or 1/5 or 1/10 

of the exposure and so you suggest - and give him various options (one 
could be, throw the equipment out), That is part of your professional 
responsibility, 


Q,: To whom do you direct your report - would you send it to the 
radiologist, with a copy to the chief technician and another to the 
administrator, 


Krohmer: I feel pretty strongly about this, I've had State Health 
Departments say that because they get copies anyway, why not send then 
direct. The person who has hired you is generally the radiologist, and 
this is a professional service, so I always send 4 or 5 copies, all to 
the radiologist, and I think that it is his responsibility to see that 
the proper people get them, and this is what I have told the State Health 
people, The report is not my property, but the property of the 
radiologist for whom I work, so they can get a copy from hin, If you 
were to send the report to others, especially to people who might use it 
as a wedge on the radiologist, you won't get any co-operation Cen calls) 
from him in the future, If 1 am called in by the chief technician, I 
will ordinarily ask to see or speak to the radiologist, and at that time 
I get it established as to who should get the report, In summary, I 
think we should deal primarily with the radiologist if at all possible, 


Gorson: I would add that as well as sending the radiologist several 

copies of: your repart, you might indicate to whom you feel he should send 

copies - including, perhaps, the State - so he is alerted to the fact that 

he think others should get copies, Whether he does so or not is up to 
mn. 
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Q,: What is your procedure if the request for service comes from the 
administration, especially where the hospital has a travelling 
radiologist? 


Krohmers In that case, if there was no radiologist there regularly and 
I was hired by the administrator, I would send the report to him, but 
also one to the radiologist with an indication to that effect, 


Fields: That is an important question, Jack, because many times you can 
get caught in the middle between administrator and radiologist, I always 
check with the radiologist for his approval before I will start work, 


Krohmer: This is a part of my original conversation, to get the lay of 
the land, both politically and technically, 


Q,: On the survey, if you find a marginal installation and the doctor is 
reluctant to make additional necessary changes, what do you do? 


Krohmer: I do not look on myself as a policeman - it is his responsibility 
to correct things, He called me in, so he must have had some concern, 

If he is reluctant, I do not worry, since I have made the recommendations 
in an official report, I do not go back to check to see if he has done 
what I recommended, The fact that you are called in is usually an 
indication that they are willing to co-operate, that they want to 

correct deficiencies, even if they have been put in this position by the 
State, an accreditation agency or an insurance agent, (In a private 
office, it is often the insurance agent - either malpractice or liability, ) 
Again, it depends on how you say things, and how well you explain then, 

so before I leave I always give my verbal report, list my recommendations 
and the reasons for them, If the radiologist has any complaints he 

then has the opportunity to bring them up, The recommendations should 
carry weight - if you do not feel strongly, don't say anything, When 

you make recommendations, they should concern things you really feel are 
important te change, If the parties concerned realise this, they 

usually will follow your recommendations, If they don't, you probably 
won't know it, 


Stanton: I recall an instance where I was called in as a political move, 
The radium in one place was handled by the GYN staff, stored in a drawer, 
and generally fouled up (this was before the days of State control), and 
the radiologist needed someone to frighten the administration to get things 
put right so I was called in specifically for this purpose, I wrote a 
letter that was almost spontaneously combustible - a formal, documented 
report addressed to the radiologist, who had called me, This was a 
political device, and I didn't mind being used in this way, 
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DISCUSSION TOPIC 
CALIBRATION AND STANDARDIZATION 


Castro: If you want to put two rooms on the same conditions of density 
do you go by the meters or do you actually do any calibration of mA and kV? 


Bates: If I were setting out to do this, I feel I would have to either set 
up two calibration charts which would take into account any errors in the 
meters; or get a device to measure the kV or the mA, and make sure the 
timers are accurate, make sure the inside of the glass is not coated with 
tungsten and that the filters were all of the same kind of aluminum and s0 
on - it's a kind of exercise in futility, 


Q,: How much accuracy do you need for a routine clinical situation when 
you are trying to help the technicians with their technique? 


Epps Maybe panel metering and calibration of these is improving, The 
impression I had was that the meters were about right at 70-80 kVp, but 
non-linearity may be introduced above and below, It depends on what you 
are trying to do, there are many times when accurate knowledge of this 
would not be important, 


Webster: I think there is a fallacy in this idea that every machine has 
to be accurately calibrated so that when it says 80 kV it means 80 kV, 
I've discussed this with Dale Trout, and I don't think that just because 
all the machines read the same will mean you get the same kind of radio- 
graph, That would depend on a number of other factors - inherent 
filtration, cable length, etc,, so in fact, if you are going to match 
x-ray tubes, it is probably better to do it empirically, based on the 
results with an aluminum step wedge, Then, maybe, you could adjust the 
kV dials to read the same - even if it doesn't then read the accurate 
kV under those circumstances, 


Wiedenmeier, I think that today with the combination targets (rhenium- 
molybdenum - tungsten) and with your standard x-ray installations, you are 
able to calibrate the majority of rooms within £ 3%, by really measuring 
and calibrating kV, mA and timers as accurately as possible, Usually 

at high mA the length of the cables is not a very big determining factor 
any more, 


Webster: What about if it is 3 phase 12 pulse or single phase full 
wave rectified? That is a factor of 2 in output, 


Wiedenmeier: You just add that factor, We have eight rooms with single 
phase and we want the same data for all these, 


Webster: I agree, but I don't think having all the kVs accurately 
calibrated so all the dials read the same is going to accomplish that, 
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There are idiosyncratic differences between installations - just using 
tubes of different manufacturers might make some difference depending on 
the glass and inherent filtration of the tubes involved, 


Wright: Isn't there also another problem (and perhaps Kelley will comment) 
that within a matter of six months, because of pitting of the anode, the 
output drops phenomenally and so if you are set up right today, unless 
loads on the tube match, six months from now you would be way off? How 
much does the output drop in a new tube? 


Kelley: Yes, that's true, I can't really answer how much the output 
Grops as I do not have any controlled data, We started a project to do 
this, starting with a brand new tube, just aged, and then making exposure 
rate measurements under different conditions, field distribution measure- 
ments, HVLs, TVL, 20 Vis and then putting on 2500 exposures at a given 
nominal radiographic technique, and then repeat the measurements —- at 
least that was the plan, Unfortunately the tube failed before the 
completion of the desired number of exposures, SO we were out of business 
and that output dropped drastically! The drop in output is something 
that has been reported and certainly does occur, but hopefully new types 
of target materials will reduce this, A controlled experiment is 

needed to answer this question properly, 


Q.: We found that having let the x-ray supervisor adjust the machines 
empirically, when a service man came to adjust the kV knobs there was a 
25 kV difference between the rooms, This is a lot and I think shows the 
problem of allowing empirical manipulation, 


Webster: I wasn’t suggesting that 25 kV was tolerable, If you use an 
aluminum step wedge that would show up very easily by looking at the 
contrast steps on the wedge, 


Q,: These had been adjusted for output, 


Webster: I was proposing to control both for output and for grey scale, 
by jimmying the kV and mA controls so they all read the same ~- as a 
subterfuge, This is mare close to reality than to expect them to conform 
to the same just because they all read the same mA and kV, 


Krohmer: I would be amazed if you had done what Webster suggested and 
then found a 25 kV variation, Someone has not done a simple thing 
correctly, As for accuracy - I think we sometimes push some of our own 
feelings on the radiologist regarding accuracy of kV, I'11 grant that 
if you are going to run the same patient and you are going to measure on 
a number of machines then maybe a 37% variation would be fine, compared to 
a 10% variation, but what this is used for ordinarily is that the 
technician will measure the patient and then apply some empirical rule 
to decide what kV to use, Now patients vary, the methods of measuring 
varies, the homogeneity varies, so I feel Ted's suggestion is fully 
adequate for practical use, and I don't know any place where precise kV, 
say t 1%, would be of any value, 


558 


Kelley: I believe it is more important to be able to reproduce the kV 
or dial setting than to know precisely what it is, 


Wright: If the machines are set this way, at least the technician 
remembers one set of factors whether they are in Room 1 or Room 2 and 
gets a reasonable result if the dials read the same, But if the outputs 
differ then you end up with a lot of retakes, 


Q,: But the outputs are reasonably the same with good tubes, 


Wright: I have found a 2:1 variation in apparently identical rooms, 
basically due to cable length and age of tubes, 


Wiedenmeier: This will depend on the currents in use, The practicality 
of calibrating x-ray tubes exactly falls into place mainly in the high 
mA x-ray equipment, 


Kelley: One thing that should be done as part of the kV calibration is 
‘ to make sure that the padding resistors are set up so that on changing 
from one mA to another there is not a drastic change in kV, 


Q,: If you do have identical conditions, possibly all installed at the 
same time, don't you agree the best way to standardise would be to go 
through systematically, checking first the timer, the kV meter set up, 
the mA settings, and then take output measurements and step wedge 
pictures - do it systematically rather than go to the step wedge pictures 
first? 


Q,: There is a time problem involved, to do all this, 


Webster: I would agree with that course, but I work in a large general 
hospital with 46 different diagnostic x-ray sets and the policy of the 
institution is to spread the purchasing over several companies, so even 
when we put in 3 or 4 new units we almost never get identical units, so 
I think the situation you pose is very idealistic, 


Krohmers: I would like to ask Kelley if he could state, in view of his 

past employment, what was the procedure recommended by the headquarters 

of the organization he worked for, for doing this - to get say 2 rooms with 
identical units essentially to perform in the same manner? 


Kelley: We did not have a written policy, but the normal procedure was 
to use the radiographic method with step wedges, 


Castro: I had the experience of having the kV and mA calibrated by the 
serviceman for two rooms, and when we tried to use the step wedge there 
was a great difference between them, although the calibrations were 
apparently correct and the meters read the same, In all we calibrated 
twelve rooms but could not get the step wedge films to be comparable, 
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Krohmer: How much variation is there in transformers which are 
supposed to be identical? 


Kelley: In theory, there should be no difference - they are all wound 
with the same number of turns, the same sort of wire, and the same core 
steel, so there should not be any significant difference, Some of the 
engineers trust the turns ratio more than almost any other means of 
determining the kV = for no load conditions, and quite often they will 
calibrate high voltage resistance dividers that they use for peak kV 
determination with a scope, using the turns ratio of the transformer, 


Q,: We talk about variations in 10 kV to allow for variations in patient 
thickness, What about other variables ~ absorption, the variations in 
some functions such as displacement velocity in coronary arteries which 
can be a factor of 2 a9 37 


Krohmers: This is a part of the art of radiology - the technician with 
experience can size the patient up within t 5 kV, 


Wright: There is a lot of folk-lore about this among the technicians - 
certain races having thicker skulls and so on, but it is apparently 
without foundation, However your comment about knowledge of rates of 
motion is probably valid, 


Kelley: Isn't this the philosophy behind the scout film - the pre-shot? 


Q,: Since it is apparently difficult to standardize technique charts, 
especially as the patients vary so much, would it not be reasonable to 


assign one technician to each machine? 


Krohmers: It is a question of breakdown of duties and rotation - not 
very practical, 


Q,: What happens when you have a complicated hybrid equipment and want 
to start calibration? 


Wiedenmeier: This can be done by the Siemens point system, that has been 
used since 1917, In this country there are various kinds of charts (A, 
AA, B,) where you have a certain mAs factor for a particular type of 
exposure, Plus so many kV/cem, so the technician measures the patient and 
gets the appropriate kV from a chart, Then there are other plus factors 
for collimator, or grid, The only thing a technician needs to know is 
what equipment is in his room - is it 3 phase?, what sort of grid? The 
films should come out acceptably if the equipment has been calibrated 
properly, 


Webster: It seems to me that this opens up the discussion to the role of 
automation, How much automation can be built into an x-ray set? For 
example, you could have a set of buttons labelled ‘chest', ‘abdomen' and so 
on, and these would automatically select the particular kV; and some 
smaller buttons labelled ‘large', 'medium' and ‘small’; and then use 
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phototimers to fix the rest of it, I don't think things have gone 
very far in this regard, 


Wiedenmeier: Phillips have some systems on the market - you Select say, 
‘chest', and the tube turns through 90°, the correct phototimer field 

is selected, and all you have to do is to tell the patient not to breathe 
and take the exposure, 


Krohmer: We are in danger of replacing technicians with servicemen. 

I said earlier I had looked, during my inspection phase, to see whether a 
department had a universal technique chart, I think it is very pleasant 
for the department and the technicians in it to be able to go from room 
to room and be able to do the same thing = but I don't think it is very 
often possible, or the case, I like to find out if they are dOing that 
as it might explain the variability of films from room to roon, I just 
like to find out how they are doing it - I like to accumulate this 
information - but I have no particular recommendation to make about it, 
If it were possible for 100 kVp in each room to read the same (whether or 
not it really was 100 kVp) and that 100 mAs was always the same - even 

if this were the case, the technicians would have their own private, 
practical, rules of thumb (e.g. add 10 kV in this room), If they have 
that sort of problem 1 suspect that in fact the kVs are incorrect, because 
the technicians, as they rotate from room to room, have a good idea which 
rooms are light exposures, and which are dark, on a generalized technique 
chart, If they do have problems, I think it is probably best if they 
have empirically determined charts for each room, One important thing is 
to keep the technicians hands off the mA controls inside the cabinets = 
we've locked ours because if a technician finds a room is ‘light’, and 
reaches in and adjusts the mA control, and doesn't check the mAs, we end 
up with some very weird values, 


Wright: I've often wondered why we have to tell technicians all about 
the details of x-ray circuits - nowI know, 


Gorson: I suspect one thing we ought to do —- and maybe you do —- I never 
have ~ is to take pre-exposed x-ray films with us, exposed under certain 
controlled conditions, and have them process them when we go to other 
departments to see whether they are being under~or over-developed, I 
think we are more likely to find they are being under-developed and 
because of the large latitude of the film we can be over or under by 
40% with, in many cases, little effect on the film, If the automatic 
processor is such that they are under-developing by 40% it will mean 
that we are giving everyone perhaps 40% more exposure than necessary, 

Do you do this quality control, Jack? 


Krohmer: No, I don't, but I think it is an excellent idea, I gather that 
one of the two films will be developed somewhere where you are sure that 

it is complete, and you will then compare the two by densitometry, It is 
nice to be able to check that, in general, everything is right as far as 
the processing goes, because if they are not developing properly there is 

a lot wrong, and it makes everything in the whole place change - all levels, 
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patient doses and so on, I think I might take it up, 


Stanton: Since the fog level might, probably, vary among these processors 
quite drastically, it might be a good idea to have an unexposed area on 
the films, 


Gorsons Another thing worth looking into is to find out if the department 
itself has any quality control efforts, In our department the chief 
technologist devotes a considerable amount of time, I think daily, 

running test films himself in various rooms, and you find day to day 
changes, To find out even if someone is worried about this is a good 
thing, 


Siedband: Bulk users of cine-film can purchase from Kodak pre-exposed 
strips of cine~film which they can use to evaluate the processor to deter- 
mine whether it is set up properly, A word of cautim = don't use it - 
because if you do, you almost always get washed out films, I think it 

is important in the case of cine-radiology to photograph your own test 
wedge under your own test conditions and optimize your processor for 

that instead, 


Fields: Gorson mentioned the inspection of processors, which I think 

is very important, and Bates also mentioned about their non-reproducibility, 
I find it quite handy to take an Iodine 125 source that is calibrated and 
use this as a source giving 2 mR/5 mins and I go right down the line 
checking out every processor before I do anything else in the department - 
so this problem is known right away, I make exposures at different 

times on the same film so I can run a gross H & D curve which I measure 
with a Gassner densitometer, and this works out well, The safety part 

of an evaluation is often where we are called in first, but in my 
hospital I have another important function, I have an arrangement that 
new equipment has to pass my performance tests before it is paid for - 
and this is where I think our greatest assistance is going to be, We 

can find gross problems affecting safety but these are pretty much 
mechanical and can later be handled by a check list by the chief 
technician every few months, But, evaluation before payment, every 
radiologist will go along with this, and mine write it into contracts, 
Then you investigate certain basic things - timing circuits, mAs 
stability, kVs, some 7 or 8 items, This is where we can do something 
more than the technologist - something that the radiologist wouldn't do 
himself, 


Q,: The consensus as I see it is that there is a lot of value and role 
for a physicist to calibrate x-ray equipment, to evaluate it and to set up 
a quality control, check the equipment before payment, check field 
dimensions, kVs, mAs and so on, I wonder if we could have some 
discussion on the types of equipment you would recommend that is required 
to do ar sort of thing. How does one go about checking mAs, time, 

kV, etc, 
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Krohmers: It turns out that I have not done too much quality control 
checking, and I think Ted Fields could say something on this, as he has 
been doing it and has a complement of equipment for this purpose, 


Fields: We have a whole bag of tricks we carry around (part of it is 

the insurance we talked about earlier), We have the Alderson radiographic 
phantom - chest, skull, mammo, and limb; the 3M plastic step wedge which 
has a number of useful items on it; a Siemens star; pinhole camera; 

Sakura densitometer; aluminum step wedge with a spinning top tied into 

it so you can do two things at the same time, It is important to 
remember that when you are out in practice, it is not a research project, 
When a doctor is kind enough to lend you his equipment for 1/2 hour or 

1 hour, he may figure he is losing time for several examinations, and you 
have to get in and out and be able to do all these things as quickly as 
possible, In any event we can do many tests simultaneously, for example, 
with the aluminum step wedge I have various other metal strips tied on so 
that I can do a fast kV analysis, and run a gross H & D curve for lead 
versuS cOpper versus aluminum on the wedge. We start, as I have said, 

by checking their processor because this has given me more headaches than 
anything else, One of the things we are interested in is to help then 
set up their techniques, so when we have finished our tests we work with 
one of the technicians for a little in one room, so that the average on 
any one of the examinations in that room will give a density of one, If 
we then set up his densities, hopefully between 0,25 and 1,75, we have 
picked out a nice centered range, 50, if they are following theory, and if 
the equipment is performing correctly, they can then use these calibrations 
to go to the other roons, If we have to, we will stay around and do the 
other rooms ~- but this takes time and costs the M.D. more, There are a 
series of things that Rao has now on his slide rule = we have been doing 
these for 2 or 3 years, with our own charts, but the slide rule has 

helped us a lot in making these corrections, 


Q,: Are there any tests that are useful to do, without taking the tube 
apart, to measure actual parameters - kV, mA etc,? 


Wiedenmeier: Yes, I enter the anode, and use a scope bleecer, mA, mAs 
meters; on the scope you can read the time, the functioning of the space 
charge stabilizer and the contactor (when it makes and when it breaks), and 
by fine calibrating all these values you can evaluate a machine say 

within 5 minutes, and from then on begin to calibrate it, After 5 minutes 
you know exactly where you are, If you do this throughout the department 
you can be within diagnostic values in each room — + 35%, Changes of 
output then may not be the same, but at least you can be sure of a 
diagnostically good film with the very same exposure values on the very 
same patient in each single room —- even if there are twenty rooms, 


Stanton: You are a resident engineer in a large institution - and it 
probably pays the institution to have a good deal of equipment available 
I imagine, I think there are several variables here that must be 
mentioned, Ted Fields’ wark involves field testing - the kind of thing 
where you have to get in and get out in a hurry and to carry a scope, and 
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cable adaptors and so on would just be prohibitive, That is a different 
situation from the resident engineer, where even though you have it worked 
out so that the job can be done quickly, you can do it on a scheduled 
basis, Regarding the question about testing devices, in a way’ that does 
not involve disconnection of cables and so on, I would like to mention 

the device developed by King, that utilizes the actual output from the 
tube and a solid state detector, If, in addition, you could take a small 
scope along, you could, with this, get a good idea of timing, relative 
output and matching of kVs, and some idea of the waveform, Another 
useful device is the kV penetrameter unit we designed, 


Fields: I would definitely not want anyone to take anything apart on the 
tube, control panel or anything else, If you do that you lay yourself 
open to charges that if something is wrong and the x-ray company is called 
in, it may be your fault, 


Wiedenmeiers: In our case, the x-ray companies are in Houston, and we are 
in Galveston, so we install all the parts, 


Suntharalingam: This is again where we have to draw the line between 
activities in your own institution, and the evaluation of equipment in 
the field, 


Field: In house or outhouse!! 
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DISCUSSION TOPIC 
EQUIPMENT 


Q,: Isn't there a need to bring the manufacturers and users close 
together, to find out their common needs - or is this done? 


Krohmers The radiologistse-manufacturers committee of the RSNA has in 

the past year completed a survey of this sort, asking the radiologist what 
they want, This has been made available to the manufacturers, and I 
think one of the biggest road blocks in the way in recent years has been 
the legal aspect, and the manufacturers cannot co-operate in the way 
they would like, Their legal advice precludes this, What the 
committee wanted to do was to get the manufacturers to submit actual 
specifications on all sorts of pieces of equipment, and make up a 
booklet, The manufacturers told us that this book might be 2 or 3 

feet thick! But even if they would like to do this their legal counsels 
ruled against it - on the grounds of stifling competition if they have 
things in the same manual as other manufacturers, 


Q,: Do the commercial companies feel that harmonization will be a good 
selling point? 


Greggs I suppose so, it was originally started by Siemens I believe. 
Some people feel they see more with it, although others feel it does not 
add anything - it is rather in limbo, I don't believe the system is 
being used very much, but yet it does look different and more unique to 
you when you view it, We were talking about the radiologists and the 
error rate in diagnosis, earlier, and this can be improved very simply 
by having the same radiologist re-read the same films, or by having them 
read by a second diagnostician, In fact you can reduce the error rate 
by more than half, The limitation is that these fellows are so busy 
there is not time to double read everything, 


Siedbands Perhaps not of the same degree of sophistication as 
harmonization is the technique of aperture correction in TV cameras, or 
high frequency compensation, and fast response in the TV camera, They 
are not as elegant as harmonization as they only work in the scan direction, 
We found that there are certain procedures where much of what Earle said 
was true, that the lower response systems are much more useful, In 
heart catheterization work doctors are using the system to measure blood 
velocity to try and find ischemic arteries and this sort of thing, They 
are using disc recorders or tape recorders, High pass band systems are 
used, and are used successfully. We have not been able to make a single 
TV camera that will meet all of the different requirements, The diff- 
erences I am referring to are the speed of response of the vidicon versus 
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the plumbicon, the nature of the scanning process, whether you have 
aperture correction to try to enhance the smaller structure - the 
commercial companies are interested in making what people request, but 
are confounded by the inability to make one system to satisfy all needs, 


Gregg: This has been the plague of the whole field, of course, In 1928, 
for example, Kiegger had developed the first laminagraph or tomograph, and 
it was built by Kelley-Koett Corporation, He had all sorts of fancy 
notions and everything else on this particular x-ray machine, but 
interestingly enough it never sold, and the company almost went broke 
over it, simply because you couldn't tilt the head and so take chest 
radiographs also with the equipment, So 1'm afraid we are going to 

have limited purpose rather than multi-purpose devices, I like to 
divide the field into two parts; the problems associated with still 
radiographs, and the smaller problems related to dynamic studies, These 
problems are peculiar to such things as the speed of the TV systen, 
stickiness, frame rates and so on; but this is a small part of an x-ray 
department really, compared to the handling of the 100,000 routine 
radiographs a year, The two things have to be kept separate, 


Wrights In the plans for a new hospital at Temple each of nine floors 
will be specialized, and have its appropriately specialized x-ray suites, 
This indicates at least how hospital designers are thinking, 


Weidenmeier: Why are aluminum filters always used - why not copper? 


Gorsons You can use copper, and in the past it was used more than now, 
The difficulty is that the amount of copper that would be equivalent to 
2mm Aluminum is very thin, and does not have the strength to hold up, 
Copper attenuates the beam too much for a given thickness, and that is 
the main reason I think aluminum is used, 


Siedbands Why not use copper, plated onto aluminum or some other light 
metal, so that you could control the thickness? Because copper tends to 
roll off very rapidly below 70 kV, i.e, begins to attenuate very 

rapidly, and because image intensifiers have a transmission hole in the 
55-70 kV region, so that they are less useful there, it might be possible 
to fabricate filters of copper and other materials which could conceivably 
reduce dose, and improve the statistics above 70 kV, 


Gorsons I would expect that you would get a small returm for this, 

Some 15 or 20 years ago there were quite a few papers published invest- 
ligating filters, and Thoraeus did this for radiation therapy, for another 
purpose. This could be a field for somebody to do some work in, 


Q@,: Since Siedband's talk I have been thinking about the possibility 
that a grid might be used behind intensifying screens to get rid of 
scattered light photons - comparable to the grid used to get rid of 
scattered x-ray photons, If this were possible, the screens could then 
be made thicker, and would have greater efficiency, 
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Siedbands I think this could be done, It might be possible to in- 
corporate an optical grid in the scintillator or intensifier screen, 

At present intensifier screens are usually of plastic loaded with a 
scintillation material, and you have two of these in intimate contact 
with the film in the cassette, If the scintillator was a large fibre 
optic device, with separate fibres in an opaque background, this might 
work, I think there is a tremendous amount of work that could be done 
in the development of screens, and it could be a delightful research 
project, It would be a great thesis subject to investigate not only 
scintillator screens in terms of structuring them, but also the whole 
screen concept, In Ter-Pogossian's book it is shown that film requires 
a large number of visible light photons to develop a grain in the fila, 
and yet a single ‘hot’ electron can easily do this, Suppose that 
instead of having a screen that emits light, you have a screen that enits 
electrons, and you collect the electrons somehow and pick up perhaps two 
orders of magnitude in sensitivity, 


Wrights This is somewhat like the use of lead screens with industrial 
film, 


Stanton: I think this sounds like a real good thought, but I worry a 
bit, because we have adequate specd and we would get into quantum 
efficiency problems, 


Siedband: Are you photon limited now with conventional film/screen 
combination? 


Stantons If you go to a fast screen you certainly are, 
Siedbands Within a factor of 2? 
Stanton: Well, within a factor of 4 or 5 anyway. 


Krohmert Some newly proposed screens have not come in to use precisely 
for that reason, The potassium iodide screens suggested by Ter-Pogossian 
were tested by Du Pont, and they would have been happy to get out of the 
Speed race, since they were 4 or 5 times as fast, Unfortunately quantum 
mottle fouled things up - we are close to that level, 


Stanton: The original question dealt with light diffusion and resolution - 
if we could combine a potassium iodide screen, which would be mare 
efficient and bring us up to the quantum limit, with a single-coated 

film - i.e, using a single screen - this might be a way to improve 
resolution, 
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DISCUSSION TOPIC 


THE PHYSICIST'S ROLE IN 
THE RADIOLOGY DEPARTMENT 


Q.: I have a feeling that there is a great deal that needs to be done, 
in the field, by individual physicists working in hospitals, I should 
like the faculty to discuss what these people can do to increase the 
amount of information the radiologist is getting and perhaps, as a side 
issue, to decrease patient dose in general, 


Gregg: To my mind a rather important function is to be the blue cricket 
of conscience, When you talk of reduction of dose, this opens up a 
snare and a delusion, The amount of radiation per patient has increased 
by a factor of 7 over the past three years, It has gone up since we 
introduced the image intensifier; since with this, the radiologist tends 
to step up the intensity so that he is not bothered by quantum noise, he 
looks longer, and he makes more examination - 7 times more per patient 
than he used to, If you consider cardiac catheterization, the patient 
gets up to 120 R, When you say that an image intensifier can produce 

an image at 0,01 r/min or so, remember that these things are used and 
the patient gets 120 Rads, Where you can step in is to ask, do you 

need this information, do you need this high dose rate, do you need to 
look 16 times at the same thing, do you need so many exposures at 
different angles? These are the sorts of things that you can do besides 
maintaining the equipment in good shape so that there is no interruption 
to this flow of information, 


Wright: Isn't this one of the places where the storage tubes you 
mentioned, Mel, may be very useful in dose reduction? 


Siedband: Yes, A few years ago we were one of the first to use disc 
recorders to take, more or less, snapshots so that the frame rate in 
fluoroscopy could be more analogous to a slide show than a movie, We 
did find that we were able to get the expected correlations in terms 

of signal/noise requirements, and that when a 1/30 sec, image was to be 
frozen, to make the noise acceptable, we had to increase the radiation 
level by a factor of 5, As a result, if we could work at a slide show 
rate of 2 secs between scenes, we could get better than an order of 
magnitude - perhaps even 20 times dose reduction by this procedure, if 
the doctors are willing to accept a very slow rate, This has been 
tried out at Atlanta, and at Pittsburgh, and it works, 


Wright: I believe it is possible to get a population dose reduction 
by a factor of 3 if we could only keep field size dow to film size, 


Rossmann: What is more important, dose reduction or diagnosis? I think 
one danger in talking about dose reduction so much is to get carried 
away by it, 
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Wright: Surely what is necessary is the removal of the unnecessary 
extra dose, 


Rossmanns This is the point = but now let us define unnecessary, 
What is unnecessary? 


Wright: Unnecessary, for example, is any radiation that isn't recorded 
on a film, in radiography, Possibly unnecessary is multiple repeat 
examinations - dental radiography of children every six months as a 
routine, perhaps, But to compromise on the diagnostic information 
once it has been decided that it is necessary to take a radiograph is 
false economy, 


Krohmer: As a sort of corollary to Earle's statement, you should ask 
the radiologist whether he needs all of these views, and so on, but also 
you should spend some time in the fluoroscopy rooms, and film reading 
rooms, look over their shoulders for a while and get familiar with what 
they are doing, Then, when you talk to them, you can talk from a 
little knowledge, rather than just the reduction of dose again, and 
making a decision for them which they don't think you are capable of 
making, You will always run into this problem, but if you spend time 
in there and ask for help I think certain of the radiologists in every 
place will be helpful, and tell you what they are doing, Then you 
stand a much better chance of being able to say "do you really need 
that?", and he knows that you have watched and so forth and you can 
make this statement with-a lot more meaning, It must be a team effort, 
and you must make as much an effort to understand their side of the 
story, as we hope they make to understand us, That is the only way.- 
understand enough of the other fellow's field to be able to make good 
decisions, 


Gregg: I would agree wholelieartedly, and add one other comment, You 
have to learn their language, they can't learn yours, 


Wright: Some of the difficulty facing the radiologist cannot be 
appreciated until you do this, Earle mentioned earlier our work at 
Temple, and at present some of the work there is directed at finding the 
spatial frequency content of disseminated lung disease, Recently in 
the laboratory we had twelve chest films, all looking just as if the 
lungs were full of tapioca - but representing twelve absolutely different 
types of disease, The radiologist certainly has a very difficult job 
differentiating things, 


Fields: We must learn to appreciate the problem that a radiologist 
faces in deciding between a myriad of identification patterns that he 
has to see, But not only must we learn the radiologists’ language and 
problems, we also must learn those of the technician, We must learn 
to operate the equipment, learn some of the procedures and see what they 
run into, Incidentally, I have an order in for a Xeroradiographic 
unit - is this going to help us for mammography or will it just add to 
the confusion? 
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Gregg: You'll get excellent pictures, The dose will be about the same 
for mammograms but considerably higher for other procedures, The in- 
formation content will not increase - that will be limited by focal spot 
size and patient motion —- but the radiologist will be able to identify 
areas faster, If you try for higher resolution using a smaller spot, 
the exposure will need to be longer, making the motion problem worse, 
Xeroradiography, while it accentuates the edges, will not change this 
problem, 


Rossman: I feel the first question, what can a physicist do ina 
diagnostic department, is very important, and I don't think we have done 
it justice. 1 am sure the younger people just starting want to know 
what are we who are working in these departments doing, what are we 
expected to do? 


Krohmer: In our department the principal use of physicist is in 

therapy, nuclear medicine and last and least in diagnosis, simply 

because the manufacturers have done fairly well in maintaining and 
servicing the equipment, As equipment has become more complicated (and 
service has got a little worse) the physicist starts having a role, in 
three ways: first, maintaining and seeing the equipment is up to 
specifications and doing its job; second, providing modifications to 
improve the overall performance to be better than the original, and 
third, minor developmental research, perhaps with the disc recorder, 
various subtraction, harmonizations that he can jury rig at the time - 
I'm assuming he doesn't have an elaborate research establishment behind 
him - he can start to do measurements of levels, radiation safety, 
exposures during procedures, For instance, he can show the cardiologists 
the kinds of exposures they are getting - it's very illuminating how 
their fluoroscopy time drops when they see the reading on the R meter, 
There are a great many service functions that one can do along this line, 
advice, consultation - you enter into a lot of the choices of equipment, 
deciding perhaps that this $60,000 unit is better than that $80,000 unit, 
or whether your department wants a digital computer or not, You get 
concerned, a physicist in a diagnostic department is a sort of pot-pourri - 
anything the radiologist can't do, you get, and it involves everything 
from information flow between the radiologist and the referring physician 
to film development, There is a crying need for this sort of person in 
most departments, even if it is not recognized, and the demand is in- 
creasing, we are on the upswing, 


Suntharalingams There is a very difficult problem concerning the 
attitude of some people now entering the field, brought about partly by 
some of the comments in the literature, The Ph.D, physicists feel that 
a lot of research can be done, and they are looking for research rather 
than service oriented departments; developing something in terms of im- 
proving the diagnostic quality or ability and just doing full-time 
research in terms of coming up with newer ideas, I think this is where 
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the serious problem is = there are no positions available to support 
100% research - even in radiation therapy. Unfortunately we have to 
be satisfied, and be prepared to devote a large percentage of our time 
to service-oriented problems, 


Rossmann: So the question is then, is there a place for a Ph,D, 
physicist, who has been trained to do research, in medical physics? 
Should they be encouraged to enter this field? 


Suntharalingam: This reflects somewhat poorly on the Ph.D. programs 

that are available, I look on a Fh.D, program as a training of the 
mind, irrespective of where or in what area the research was done, 
Unfortunately many people who do reSearch would like to continue their 
research activities in the same area in which their Ph.D, was done, and 
this poses a problen, Once the mind is trained to think on broader 
aspects there is no reason why you cannot adjust and apply your abilities 
to improve and develop things in a service oriented area, 


Wright: I would add a note of caution to the newcomers in the field, 

and that is, when you have a bright new idea - search the literature very 
very carefully - it is remarkable how often things get rediscovered in 
this field, 


Keehmer: A very important facet of the physicists role in a diagnostic 
department is the business of teaching residents and technicians and 
others, My functions are three-fold, service, research and teaching, 

and if you delve into all of these you will mature, be able to communicate, 
know the problems, and be able to impart knowledge to residents, 
technicians, nurses in therapy, servicemen, and you will start to gain 
all the things that concern the younger aspirants in this field, I think 
it would be a gross mistake to go into pure research unless you are in 

a department where there is someone who does the service and the teaching, 
and with whom you communicate closely, If you are the link, the problems 
will get to you from any source - technicians, service people, nurses, 
radiologists, residents - and you should see it as a three-fold job, 


Wright: J would agree with that and add that if your job is mainly 
Service and teaching you will be ‘bugged’ continually = you expect that - 
50 you need a hiding place where you can disappear to, to read and think, 


Krohmer: To amplify that, part of your job is to bring new ideas and 
concepts to the radiologists - so necessarily you must keep up with the 
literature, and with what is available in industry, 


Gregg: Not only bringing new ideas, but evaluating those the radiologist 
brings to you —- they read the literature, 


Siedband: The role you can play in equipment evaluation and selection 
can easily save the department the cost of your salary - rooms overbuilt 
with three phase equipment when single phase is sufficient, things like 
that can save money. 
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Rossmanns When you are interested in a position, one of the first things 
to do is to request a job description - what do they want you to do? 
Maybe they are vague, and just feel they ought to have a physicist - I 
would hesitate to jump into this; but maybe there is a definite progran, 
and then it would depend if that fitted with what you want todo, Il 

do not agree quite with Suntha, I feel the Ph.D, in physics is really 
research training - not necessarily for a particular field (I went from 
molecular spectroscopy to this image research), One trains the mind, 
but nevertheless I think it develops people who are research minded, who 
have the kind of mind to do this thing, so you would expect many of them 
to wish to continue, and to be frustrated by jobs without any research 
at all, For example, I could, if 1 wished, be busy day in and day out 
keeping X-omats running, checking tubes, adjusting TV. 1t seems to me 
that first you must define what you want to do —- perhaps research - and 
then look for places where there is research money available and there 
are some such places, 


Suntharalingam:s This is where the danger lies, We have to live with 
reality and there are few institutions which have this research money, 
which can devote all their efforts to research and service, If you 
look back over the last two years, the number of funded positions are 
strictly limited in number, Unfortunately the word has gotten around 
that there is a need for physicists in diagnostic radiology so now 
young Ph,D.s who are trained in physics are coming out and asking where 
are the jobs? Regarding job descriptions you have to be careful 
because I don’t think everyone means what they put down on paper, and 
the actual situation could be different, in the institution, than 
might be expected, Unless there is already an existing research group, 
if you go in as the only - or even as a junior —- physicist, in most 
institutions the job will be mainly service or teaching, 


Eppt Speaking of job description, Harold Johns in a talk to RAMPS (the 
New York Chapter of AAPM) told the story of his career, He was hired 
by the Saskatchewan Cancer Commission as their first physicist, at a 
time when there were very few in this field. So, after he was hired he 
went to the head of the Commission, and said "Here am I = what do you 
want me to do?™, only to be answered "Hell, I don't know, you tell me,"! 
So he went away to read the literature for six months, The point is 
you can and must hoe your own row, and the surface has hardly been 
scratched in diagnostic x-ray physics - it has been a very neglected 
area, Therapy has had the full impact of physics, especially in 
Britain and then here and in Canada, but there is a great future in 
diagnostic radiologic physics, 


Rossmanns I agree, but caution is necessary, I am not saying one can 
always believe a job description, but read between the lines, see what 
Slant is given to service and doing your own thing, so you have some 
feeling as to what is in mind, There are many unsolved problems, but 
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the question is, will you be given the opportunity to solve them once 
you are there? This will depend very much on the relationship you 
have with the radiologist and the personal attitudes there, 


Wright: Comment was made at the recent meeting of the AAPM in Houston, 
that under the Social Security Act, with the licensing of hospitals, 
there is a possibility that it might be a requirement that there be a 
physicist in every radiology department, This could increase the 
number of positions available, but almost all these would be service 
jobs, with some teaching perhaps, so I doubt if there would be many 
openings to get into research through this route, As a practical 
point, one of the best things I did for myself and my job was to take 
an anatomy course with the residents to learn to talk to him in his 

own language, to learn his jargon, 


Gregg: Add biochemistry, physiology, pathology, and if short of things 
to do, go to the morgue, 


Krohmer: There will be times, with a physicist in each department, when 
it will be possible to do research, as then time will be available, It 
depends on what you want to do = ask yourself what makes you happy, that 
is half the battle, and if you can do that, then you have the world by 
the tail, I’ve decided I don't really want to know exactly, I still 
want goals, Because of the three-pronged nature of the field it is 
possible to develop in whichever direction you want, if you have a 

ood relation with the radiologist, There are some medical physicists 
(like myself) who are in a private practice situation, Such a position 
is likely to become more and more available, but it probably rules out 
research, except for clinically oriented research, The income is 
probably better, so don't rule out this possibility unless you are 
strongly in favour of research, I think the FPh,D, indicates capability 
of doing research but this may not make you happy. There is nothing 
wrong with having done it, it's a useful experience, and possibly a 
mistake not to have had it, even if subsequently you are in a purely 
service function, 


suntharalingams I would add a word of caution, I do not think that a 
physicist who is just entering this field or who has had only a few years 
of experience should venture out and join a group of radiologists, and 
get into private practice, Job description is very important here, as 
is experience, 


Waggener: I think we have been misusing this word ‘research', Krohmer 
says there is a lot of service and clinically oriented research that 
should be done, and I think that probably one of the best things for a 
Ph.D, physicist is to work in a department to gain perspective of real 
needs, and then get into a research project, if this is his goal, 

There has not been enough emphasis in graduate schools of actual problems 
and this is beginning to be met in some places by 3-6 month internships, 
We have a couple in our department, Incidentally I hate to think a 
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degree in engineering rules me out of research, but that is the 
4{mpression that is sometimes given, 


Q.: I am new to the field and would like to know what does a private 
physicist do? 


Krohmer: Mainly service functions, Callandine, for example, is part 
of a four-man group (3 radiologists, 1 physicist) who service two 
hospitals and an office, George travels with them and does service; 
functions in these departments and also makes these people aware of | 
what is available in the physics field, He works on a consulting 
basis, and teaches as well, I am in a big private clinic that has a 
private staff, I teach there, residents, technicians, physics 
assistants (bright young high schoolers who do routine tasks - surveys, 
calibrations, treatment planning ~- as long as they have someone nearby 
to speak to), I'm lent to Bucknell to teach physics, I do treatment 
planning, help order equipment - almost all the functions of any 
department minus research, although I am also associated with clinically 
oriented research, 


Gregg: Another example of a physicist in private practice is Stedley, 

He is a former Masters student, and with an associate has set up a 
company and hires service to 30 hospitals - all the planning, isotope 
ordering, consulting on equipment, protection ~ and is so busy he is 
about to expand his group, However this private radiologic physics 
service for various hospitals does not include anything in the diagnostic 
field yet, 


Comment: Some of the students from programs at Madison and Houston 
find that they do not have the clinical experience that departments 
hiring staff insist on, Would it not be possible to establish 1-year 
fellowships to gain clinical experience, for those with research know- 
ledge, to break this vicious circle?’ 


Wright: There are such programs, but I understand others have been held 
up by the economic situation, However, some people are getting in 
through some back doors, JI have a Ph.D. student who came up through 

a Rad, Health program, and is being funded still by that program but 

is getting clinical and research experience in our department, 


Ort: At Wisconsin a Ph,D, degree can be obtained from the Department of 
Radiology, as a part of the Medical School, and so this is a more clinical 
situation than the Ph.D, in Physics, A medical physicist getting a 

Ph.D, should get clinical experience as a part of his training. and our 
program includes working in radiation therapy, and to a less extent, in 
diagnostic radiology, 


Rossmanns I agree with what you say = however, the question of what 

the training should be is not settled, For instance, my students who 
enter the Ph,D, program in Medical Physics with a B.S. in Physics become 
disturbed after 1 year of Physiology, Anatomy, Quantum Mechanics, 
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Theoretical Physics and wonder what they will be when they have finished, 
They feel they will not be full-fledged physicists as they have not 
enough physics courses, and of course not M.D.s because they know only 

a little - they are in between, or nothing, they fear - and this disturbs 
them, They have difficulty studying physiology and anatomy with 

medical students because they lack the background courses, and often 

do not have the same attitude for the memorization required, I don't 
know how to answer them; I tell them to try it, and later if they 

decide go back to pure physics, There are two diverse views on the 

kind of education for this job, One prominent visitor from England who 
worked in medical physics research, categorically stated his opinion - 
hire pure physicists or engineers to join a research effort, and they 
will pick up the medical knowledge in the area that they will need - they 
do not need to be able to talk to all M.D.s, The other view is that 

we should know their language before we can begin to work with them, 

The choice is not clear, 


Krohmers Why not just tell them they are going to be ‘medical physicists’, 
that does not seem to be a bad thing, 


Rossmann: But the ‘medical physicist’ is not clearly defined, 
Krohmers Not yet, but neither was ‘biophysicist’ a few years ago, 


Comment: My experience at M.D. Anderson is only 10 months, but I have 
been able to spend 6 months in clinical situations, fluoroscopy and other 
examinations, nuclear medicine and radiation therapy - they let you go 
and get the training you want, 


Suntharalingams Could someone from Wisconsin tell us about their 
program? 


Ort: One of the problems is that the program is evolving, There are 
sO many courses a person in medical physics should take, You have to 
take physics courses, physiology, chemistry and so on, and do research 
for the Ph,D,, and get clinical experience - and you are up to 6 or 7 
years, As the program is now, first is the M.S. requirements in 
straight physics (all the undergraduate courses,but now you must know 

hem), then physiology, radiobiology, morphology, anatomy, x-ray physics 
a course in health physics is being introduced), genetics and a couple 
of laboratory oriented courses for radiation therapy and dosimetry, 


Doppkes I run the laboratory course, which is basically an application 
of the course work covering such topics as reference source material; 
calibration of high energy accelerators, problems in diagnostic x-ray 
physics; diagnostic equipment evaluation; simple equipment testing; 
protection calculations; dosimetry by hand and computer; comparison of 
linear scanners and gamma cameras; resolution sensitivities = this is 

an expanding new course that has been going for two years, In addition 
the students can spend time in hospital departments, 
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Ort: We felt this was the most important course, as far as what we shall 
be doing, It is a compromise in place of spending a year in each 
Gepartment - the time isn't there to be able to do that, 


Suntharalingams Probably most institutions that do have training or 
graduate programs in broad medical or radiological physics have to 
reconsider their curricula to give some emphasis to on-the-job clinical 
exposure, The largest drawback of bringing in physicists from other 

areas is the lack of this practical work with the clinician, which should be 
compulsory, if one is to continue on to a service oriented role, 


Gregg: I think you are using the term Medical Physicist, to describe 
Radiation Physicist, I don't hear you talking about the properties of 
the ear, the eye, about EEG, EKG, and all the other areas where a 
physicist can do work in a hospital, Where are they getting this kind 
of training? 


Wright: There are many places with Departments of Medical Physics and 
sometimes these are quite separate from radiation physics, For example 
at Temple we have such a department that historically grew out of the 
physical aspects of physiologic research, 


Krohmer: Many people may not be aware that the AAPM education committee 
is initiating a study of existing training programs to try to tie this 
together and make recommendations of what such programs should contain, 


Rossmann: My feeling, with our program, was to broaden the opportunities 
for students coming out of the program so that they could work not only 
in medical environments but also in industry. We attempt to train the 
student so that he ends up having the general knowledge of the physics 
Ph.D, student as a basis - we require certain courses and urge others 
that are basic to all physics Ph,D.s (e.g. quantum mechanics, electro- 
magnetism, mathematical methods in theoretical physics), at a graduate Ph.D, 
level in the Physics and Chemistry departments, Beyond this, in analogy 
to the physicist who builds his speciality - say in solid state - on this 
broad base, our students build knowledge from courses such as anatomy and 
physiology. Admittedly this makes the program very difficult and very 
demanding but we have seen the students are satisfied as they feel they 
are becoming professional physicists who are specializing in the medical 
aspects, and are therefore medical physicists, The thesis and disser- 
tation is as follows: the student has two advisors, a physicist and 

a physician, so that working with them he immediately gets away from 
thinking just about physics, and gets into contact with the physicians’ 
thinking, His problem will then have an orientation in the medical 
direction to the area that he is interested in, I feel that a student 
coming out of this program perhaps has wider chances open to him, He 
will be able to work very well in industry and may be very welcome there, 
as industry can either employ him as they normally would a physicist, or 
they can use his additional talents as a specialist who has been exposed 
to the medical environment, 
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Q,: What do you see as the role of the Ph.D, physicist who balances his 
time between service and research ~ and yet the manufacturers do 
research ~ where do we fit in? 


Webster: I think Cameron had a good idea in his talk to the AAPM in 
Houston - that the radio-diagnostic field has been underdeveloped, and 

I don't think the manufacturers have done enough, The percentage gross 
sales that have gone into development from the x-ray companies is about 
3% - as against say 10% in growth industries, such as computers, I 
think one of the reasons for this is a lack of prodding by the customers, 
the radiologists, I believe the physicist could act as a great prodder 
and create great incentive and collaborate indirectly with industry by 
working in his laboratory on new equipment —- such as the x-ray scanner - 
which would then perhaps promote some industrial input, 


Q,: At Wisconsin we are working with silicon storage tubes which can 

do similar things to what you can do with dise recorders but for $3,000 
rather than $20 or $30,000, With this we can do subtraction, super- 
positions in special procedures and so on, Siedband, with Westinghouse, 
has a system for cranial angiograms and GI series and we wonder if we 
should be in competition with Westinghouse, To what extent should we 
work with the M.D.s to acquaint them with what can be done? How 
interested should we be in promulgating this information to other 
hospitals locally that could afford $3,0007 Or should we leave this to 
Westinghouse and go on to something more esoteric? 


Webster: I think you are in a very key position and I think part of 
your job is to get involved in a pilot run with apparatus like this - 
even if it had been made commercially elsewhere, and hopefully this can 
be an important step in getting the technique widely adopted, 


Suntharalingam: We have had discussion on the impact of research in 
terms of improving diagnostic radiology, and discussed inspections 
outside your own department, Could some of the faculty discuss the 
day-to-day service activities that a junior physicist could be involved 
in in his own department, Some of the things we talked about on 
inspection do not apply in your own department, How and what activities 
could they be involved in, in terms of improving both the practice of 
diagnostic radiology as well as radiation protection aspects in the 
department? 


Gorsont First get a good chief technician, Some of these things have 
been talked about, One thing that worries me from time to time in our 
own department where we have a lot of equipment, is that I am often 
amazed how often changes are made that I don't get to know of for 

months ~ even new equipment may be installed and put into use before we 
are even aware that it was ready to be inspected, So I think you must 
make the effort to get into the department periodically, even if you only 
walk through a couple of times a day and look around, Unless you are 
physically there, people are not going to go out of their way to seek 
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you out, because of the pressure to get the work done, But, if you 
are around, there will be a much greater probability that people will 
bring problems to you, and then you are in a position to help them 
rectify them, One of these is quality control, 1 think it is 
important that someone do this, and I think you might be in a position 
to help set it up, and after handing it over to one of the better 
technologists to continue on a daily or weekly basis, to review what 
he is doing periodically, Then, as a professional person who is not 
involved in the day to day carrying out of procedures, you can 
frequently spot some difficulty that is so obvious to you, but has been 
overlooked by everyone else, 50 you may think of easier and better 
ways to get the same results or perhaps methods of reducing exposure 
or methods of improving the diagnostic quality of the examination, 

I know this happens - quite often in our experience somebody gets 
involved in some special problem and before you know it you have a 

new project going on, and it may be that three months later you end up 
with a better technique, 
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